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Industrial applications harnessing fluidized bed technology span energy production, 
chemical synthesis, and pharmaceutical processes, among others. However, operational 
challenges continue to plague such processes, in part due to the lack of predictive understanding 
on the effects of polydispersity, which is ubiquitous. An experimental investigation into the 
impact of polydispersity on various flow phenomena will lead to a better appreciation of the 
physics involved, contribute to validating models and thereby enhance the performance of 
fluidized bed systems. 
The overall goal of this research is to gain a better understanding how polydispersity 
affects fluidized bed systems, with a focus on Geldart Group B particles. Systems ranging from 
low-velocity bubbling bed to high-velocity circulating fluidized bed (CFB) systems have been 
examined experimentally. The overriding question is: how do the different categories of 
polydispersity – namely binary mixtures and continuous distributions – affect species 
segregation, elutriation, bubbles (bubbling fluidized bed) and clusters (CFB riser)? 
With regards to low-velocity bubbling fluidized beds, although investigation into species 
segregation behavior has been fairly extensive for binary mixtures, what is still missing is the 
impact of the width of continuous distributions on species segregation and bubbling behavior, 
and the side-by-side comparisons of the two behaviors, which are addressed in this work. Results 
surprisingly indicate (i) a non-monotonic trend (increase then decrease) in the extent of 
segregation with the widening of the distribution for continuous size distributions, and (ii) the 
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existence of a bubble-less bottom layer for continuous distributions, the thickness of which is 
linked to the level of species segregation, thereby providing the physical link between species 
segregation and bubbling behaviors. 
As for the moderately dense CFB riser, the lack of comprehensive datasets for 
monodisperse and polydisperse materials hampers modeling efforts. Hence, this portion of the 
thesis aims to collect extensive riser measurements spanning the entire riser under a range of 
operating conditions for six different solid materials, including both monodisperse and 
polydisperse. Interesting new findings include (i) the reversal of the traditional core-annulus 
profiles for the larger Group B particles, which is linked to the associated higher Stokes number, 
(ii) different trends in species segregation between binary mixtures and continuous distributions, 
and (iii) comprehensive profiling of cluster characteristics for all (monodisperse and 
polydisperse) materials, thereby illustrating the impact of local riser position, material type, and 
operating conditions on cluster behavior. 
Pertaining to the dilute CFB riser, the impact of varying compositions of binary mixtures 
and widths of continuous distributions on the total and species elutriation, local mass flux and 
species segregation are examined. Qualitative differences between the two categories of 
polydispersity include (i) the total elutriation flux of binary mixtures increases with the 
composition of fines (Ut<Us) but not so for continuous PSDs and (ii) the elutriation flux of 
coarse particles (Ut>Us) depends non-monotonically on fines composition for binary mixtures 
but monotonically for continuous PSDs.  These differences are explained by the increasing size 
disparity of continuous PSDs as the distribution width increases, while the size disparity remains 
constant in binary mixtures of varying compositions.  A third qualitative difference is the 
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monotonic decrease in mass % of coarse particles with riser height observed for continuous 
PSDs, and a non-monotonic behavior for binary mixtures.  
 The comprehensive experimental datasets and physical insights in this work are expected to 
be valuable in the validation of kinetic-theory based models and in the design of related systems.!
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CHAPTER 1 
INTRODUCTION 
 
1.1 Motivation 
Fluidization is the process by which solid particles are transformed into a fluid-like state 
through suspension in a gas or liquid1.Industrial applications that harness fluidized-bed 
technology span energy production (e.g., coal gasification), chemical synthesis (e.g., olefin 
polymerization and titanium dioxide production), and pharmaceutical (e.g., granulation) 
processes1-3. Several unique qualities which make fluidized bed systems desirable for industrial 
operations include high heat and mass transfer between gas and particles, suitability for large 
scale operations, ease of operation due to the liquid-like flow of particles, and so on1-4. However, 
although it has been almost a century since the first industrial-scale, commercially-significant 
use of the fluidized bed started in the 1920s1 – Winkler’s coal gasifier – operational challenges 
continue to plague such processes5-7. Notably, polydispersity (i.e., the presence of a range of 
particle sizes and/or material density) is prevalent.  For example, the coal used for gasification 
naturally occurs in a wide range of sizes, titania production involves two species with different 
size and density, and FCC catalysts are also characterized by a wide range of sizes. Nonetheless, 
a predictive understanding of fluidized-bed processes with polydispersity remains elusive5, 6, 8, 9. 
This lack of fundamental understanding implies that empirical approaches are used in the design 
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and scale-up of such unit operations, leading to subparperformance and undesirable flow 
behavior6, 7, 10. 
 A first-principles approach to describing gas-solid flows is crucial in overcoming current 
barriers and improving process performance. To this end, both experimental and modeling 
efforts are essential complements towards a comprehensive understanding of fluidized bed 
systems.  While experimental results provide data for validating models, models are conversely 
necessary to extract the physics underlying the observed flow phenomena. Pertaining to the 
modeling effort, the validation effort is a function of available experimental data7. Generally 
speaking, two types of constitutive relations are needed for the balance equations, namely those 
describing particle-particle interactions (stress induced by collisions, etc.) and gas-solid 
interactions (drag force, etc.). Typically, a kinetic-theory analogy is used for the particle-particle 
interactions, while empirical expressions for the drag law are used for the gas-solid interactions. 
To date, such work has been heavily targeted at monodisperse systems. To describe gas-solid 
interactions in polydisperse systems, ad hoc extensions of monodisperse drag laws, etc., have 
typically been used, which has resulted in subpar accuracy and a lack of robustness. For particle-
particle interactions, the nascent polydisperse theories are currently only applicable to a discrete 
number of species, and the application to continuous PSDs remains to be developed. As for the 
experimental counterpart, although experimental protocols and measurement techniques are well 
established, investigation of polydisperse systems is lacking. Correspondingly, the generation of 
an extensive experimental dataset is warranted in order to validate such kinetic-theory-based 
models9; generating such data is an overall aim of this thesis work. 
Fluidized-bed processes involve many complex flow phenomena that need to be considered 
in order to ensure proper design, scale-up, operation and reliability7. In particular, polydispersity 
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leads to species segregation, which has no monodisperse counterpart (Section 1.3).  Moreover, 
the presence of polydisperse particles impacts flow phenomena like bubbles and clusters (Section 
1.4), mass flux (Section 1.5.2), and elutriation (Section 1.5.3). An experimental investigationinto 
polydispersity and its impact on hydrodynamic behavior is essential for model validation, which 
in turn is essential for improved physical understanding and process design. 
  
1.2 Fluidized-bed Configurations and Geldart Classification 
 Different fluidization regimes manifest as a result of operating conditions and particle 
properties, and the corresponding fluidization characteristics of each regime vary drastically1, 4. 
As the gas velocity increases, the operation progresses from the lowest–velocity fixed bed to a 
bubbling bed to turbulent fluidization to the highest-velocity pneumatic transport1, 4. To generate 
a comprehensive understanding across the spectrum of fluidization regimes, the scope of this 
work comprises a low-velocity bubbling fluidized bed (no carry-over of particles through the top, 
as seen in Figure 1.1a), a moderately-dense circulating fluidized bed (CFB) riser (Figure 1.1b) 
which is operated at moderate velocities, and a dilute CFB riser which operates at the lower 
velocities. 
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Figure 1.1.Schematic of (a) a bubbling fluidized bed, and (b) a circulating fluidized bed (CFB). 
 
 In addition to gas velocity, the particle material used also impacts fluidization behavior.  
The chart depicting this relationship is known as the Geldart classification11,, which is a plot of 
the density difference between the particle and the fluidizing gas (!s - !g) vs. the particle size, as 
depicted in Figure 1.2. The Geldart classification into four groups according to fluidization 
quality in low-velocity beds is also displayed. In brief, particles in Group A exhibits 
homogeneous expansion at velocities just over the minimum fluidization velocity and prior to the 
commencement of bubbling at higher velocities. In contrast, Group B particles begin to bubble at 
the minimum fluidization velocity (no homogneous-expansion phase). The relatively small 
particles in Group C are difficult to fluidize due to inter-particle (van der Waals) cohesion.  
Finally, Group D consists of particles of large size and/or density that spout readily11. Among the 
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four groups, Group A particles are by far the most widely studied due to the prevalence of fluid 
catalytic cracking (FCC) processes, which hit the industrial scene in a widespread way since the 
1940s1. Hence, in view of the different fluidization quality between Group A and B materials11, 
and also due to the prevalence of Group B materials (coal feedstock, titania ore, etc.), this effort 
focuses on the latter to compare behaviors with the richer knowledgebase of the former and 
hence generate a better understanding of Group B materials. 
 
 
Figure 1.2. Geldart’s classification for fluidization by air at ambient conditions11. 
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1.3 Species segregation 
 Regardless of the operational parameter space, experiments, theory and simulations have 
indicated that particles segregate (de-mix) according to species in granular systems (negligible 
gas phase), as well as in fluidized systems1, 5, 6, 9, 12-19. A review of the literature shows that most 
studies on polydisperse systems havefocused on binary mixtures (i.e., two species differing in 
particle size and/or density), with much less work on continuous particle size distributions (i.e., a 
wide range of particle sizes). 
 
1.3.1 Species Segregation in a Bubbling Fluidized Bed 
Although the behavior of binary mixtures in bubbling fluidized beds has been widely 
explored (see Joseph et al.20 and references therein), the behavior of continuous PSDs in 
bubbling fluidized beds remains far less researched. Collectively, previous binary results indicate 
that smaller particles preferentially segregate toward the top of the bed while larger particles 
preferentially segregate toward the bottom, and that the degree of this species segregation 
increases with size disparity. Pertaining to continuous PSDs, the contribution by Grace and Sun21 
represents one of the earliest reviews on the influence of a continuous PSD on the quality of 
fluidization, and they found that a wider PSD (of Geldart Group A particles) is advantageous in 
terms of enhanced reactor efficiency through improved inter-phase mass transfer and better gas-
solid contacting. With respect to species segregation for continuous PSDs, a few efforts have 
indicated the segregation of the smallest and largest particles to the upper and lower layers of the 
bed, respectively22-24, which is qualitatively similar to the previous findings for binary mixtures. 
Furthermore, Gauthier et al.23 found that the Gaussian PSD investigated exhibits less species 
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segregation than its binary counterpart. However, what is still missing is the impact of the width 
of continuous PSDs (i.e., size disparity) on species segregation, which is addressed in this work. 
 
1.3.2 Species Segregation in a CFB Riser 
For CFBs, most work to date has focused on binary mixtures in which the two species have 
both particle size and material density differences. With regards to axial segregation, both 
experiments17, 25-29 and simulations28, 30-32have indicated that the more massive species (i.e., 
higher particle mass) segregates towards the bottom of the riser. As for radial segregation, the 
more massive species have been consistently found to preferentially segregate toward the wall 
based on both experimental27-29and simulation31, 33, 34 data. Compared to their binarycounterparts, 
segregation studies on continuous PSDs in CFB risers are relatively scarce27, 35, and the trends 
have been found to be largely consistent with the segregation of the larger (i.e., more massive) 
species toward the bottom of the riser and toward the wall. 
What is lacking in literature is a comprehensive dataset of the various factors (local riser 
position, operating conditions, and different types of polydispersity – i.e., binary vs. continuous) 
impacting species segregation in a CFB riser. Accordingly, especially in view of the behavioral 
differences between binary mixtures and continuous PSDs in bubbling beds22-24, 36, 37, the species 
segregation characteristics of both types of polydispersity are obtained in this work. 
 
1.4 Bubbles and clusters 
 In bubbling fluidized beds, bubbles (illustrated in Figure 1.1a) are believed to be the 
primary factor associated with solids mixing and reactor efficiency1, 3, 4.  On the other hand, in 
the riser of a CFB, particle clusters (i.e., aggregates of particles as portrayed in Figure 1.1b) are 
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expected to have a non-negligible impact on reactor performance.  As a common thread, both 
bubbles and clusters can be traced to an inherent instability of the suspension3, 38-40. Although 
kinetic-theory based models have the capability of predicting both bubbles and clusters3, 38-40, 
investigation either via models or experiments on the impact of polydispersity on such flow 
structures is rare. In particular, theories incorporating polydispersity are still in the early stages of 
development.  On the other hand, experimental techniques for bubbling and clustering 
measurements are well established, which makes the lack of experimental investigation on the 
impact of polydispersity on such characteristics surprising. 
 
1.4.1 Bubbles  
 The bubbles (Figure 1.1a) observed in low-velocity, gas-fluidized beds can be traced to an 
inherent instability of the suspension38-40 and are believed to be the primary factor associated 
with solids dispersion, mixing, and reactor efficiency1, 3, 4. As early as 1962, Rowe et al.41 used 
an X-ray technique to experimentally characterize bubbles in gas-fluidized beds, and theX-ray 
photographs of bubbles provided evidence that bubbles are primarily responsible for the axial 
movement of particles in the bed. Generally, bubbles are commonly referred to as ‘mixing 
agents’, carrying particles efficiently upwards and allowing particles to fall through them 
downards41-44. So far, no work on the impact of the width of PSD of Group B particles on bubble 
characteristics has been reported.  Furthermore, and equally as important, although an inverse 
relationship between bubble motion (mixing) and species segregation (de-mixing) is often 
presumed, a side-by-side comparison of the two trends is not available even for monodisperse 
suspensions. 
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1.4.2 Clusters 
The phenomenon of clustering (Figure 1.1b) is commonplace in gas-solids systems4, 45-47. 
Specifically, gas-solids suspensions are known to be unstable, leading to the dynamic formation, 
rearrangement, and breakup of clusters.  Such clustering has been observed in riser experiments 
and transient simulations alike4, 45-47. Nonetheless, even for monodisperse suspensions, contrary 
trends have been reported in the literature with regard to the impact of local riser position, 
operating conditions and material type on the cluster behavior.  A comprehensive experimental 
study on the various factors is warranted, especially in view of the contradictory trends in 
literature. Moreover, experimental data on the impact of polydispersity on clusters has not been 
reported for either binary mixtures or continuous PSDs. 
 
1.5 Other Riser Characteristics 
 The vast majority of published work for CFBs has been for Geldart11 Group A particles.  
However, as noted above, Group A and B materials fluidize differently11. Notably, the various 
dimensionless numbers (e.g., Stokes number, St, which is the ratio of particle inertia to fluid 
viscosity) characteristic of the two groups are different, and the corresponding difference in 
physics may result in contrasting hydrodynamic behaviors. In view of vast amounts of 
information on Group A particles, it is expedient to investigate if the trends are similar to Group 
B. 
 
1.5.1 Solids Concentration 
As illustrated in the freeboard of the fluidized bed illustrated in Figure 1.1a, core-annulus 
flow (i.e., a relatively dilute core and dense annulus) is well-acknowledged (refer to fluidization 
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textbooks1, 2, 4 and references cited therein) for Group A materials, which is the group that FCC 
catalyst belongs to. Due to the wealth of information documenting core-annulus profiles, it is 
often presumed that the same holds for other materials too. To affirm or dispel this assumption, 
the current work seeks to investigate solids concentration of the larger Group B particles. 
 
1.5.2 Mass Flux  
Most work on local mass flux has unsurprisingly focused on fluid cracking catalyst 
(FCC)48-60, which is a Geldart Group A material. As indicated in a review16, contradictory mass 
flux trends exist in literature due to non-exhaustive datasets, which provide only a limited view 
of the riser (i.e., comparisons made at only two riser axial positions and/or under only a couple of 
operating conditions). Hence, a comprehensive dataset on the impact of local riser position, 
operating conditions and material type (for both monodisperse and polydisperse materials) would 
aid towards understanding the cause of the contrary trends. Notably, the impact of polydispersity 
on mass flux profiles is as yet unavailable. 
 
1.5.3 Elutriation Rate  
Despite the abundance of elutriation (i.e., solids carried over the riser top) correlations 
made available in the past few decades1, 4, 18, 61-63, the discrepancy between empirical prediction 
and experimental data reaches a hundredfold in some cases63. It is well established that at a fixed 
superficial gas velocity (Us), overall elutriation fluxis negatively correlated withthe single-
particle terminal velocity (Ut) for a monodisperse system, and directly proportional to 
composition of elutriable species (Ut < Us) in a polydisperse mixture1, 4, 18, 61-63 (as per Zenz and 
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Weil64,
! 
Gs = xiGs,i*
all elutriable
species
" , where Gs is the total elutriation flux, xi is the composition of elutriable 
species i, and 
! 
Gs,i*  is the elutriation flux from a bed consisting only of species i). But 
contradictions to the linear correlations have been noted for polydisperse mixtures65-69. Of 
particular interest in this work is the counter-intuitive elutriation behavior of the coarse species 
(i.e., particles with Ut > Us) in a binary mixture reported by Geldart et al.65, which is traced to a 
collsional momentum transfer from the fine species (i.e., particles with Ut < Us) to the coarse 
species. More specifically, it was found that the presence of Group A fine species in the binary 
mixture boosts the elutriation flux of the coarse particles to a value higher than that of 
monodisperse coarse particles (i.e., 100% coarse), and also that the elutriation flux of the coarse 
exhibits a non-monotonic behavior (increasing and then decreasing) with respect to the 
composition of fine particles65. To date, no information is available on how binary mixtures of 
Group B particles with varying compositions elutriate.  Perhaps more importantly, no work on 
how the width of a continuous PSDs affects elutriation has been reported. 
 
1.6 Thesis Objectives  
 Three fluidized beds spanning different fluidization regimes are investigated in this work:  
a bubbling fluidized bed, a moderately dense CFB riser, and a dilute CFB riser. The focus is on 
the experimental investigation on the impact of polydispersity – namely, binary mixtures vs. 
continuous PSDs) – of Geldart Group B particles on the flow characteristics in fluidized-bed 
systems. 
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1.6.1 Bubbling Fluidized Bed (Chapters 2 – 3) 
Although investigation into species segregation behavior in low-velocity,bubbling fluidized 
beds has been fairly extensive1, 12, 14, 16, 20, what is still missing for bubbling fluidized beds is the 
impact of the width of continuous distributions on species segregation and bubbling behavior, 
which is addressed in this work. 
 
1.6.1.1 Species segregation (Chapter 2) 
 The objectives of the work described in this chapter are to experimentally determine the 
impact varying the width of continuous PSDs on axial species segregation and compare the 
results with: 
I. previous experimental trends for binary mixtures, which indicate that smaller species 
preferentially segregate toward the bed top while larger species preferentially segregate 
toward the bottom, and increased size disparity induces increased species segregation20; 
and 
II. past simulations on continuous PSDs70, 71, which indicate that wider distribution widths 
lead to an increased species segregation. 
With the objectives in mind, experiments have been carried out involving both Gaussian 
and lognormal PSDs of Geldart Group B particles in low-velocity bubbling beds, with an 
emphasis on obtaining axial concentration profiles of each species. 
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1.6.1.2 Link between bubbling and species segregation behaviors (Chapter 3) 
 With the species segregation results from Chapter 2 in hand, a direct link between species 
segregation and bubbling behaviors is sought. Accordingly, the objectives of this portion of the 
work are to: 
I. experimentally determine the impact of the width of continuous PSDs on bubble 
characteristics, namely bubble velocity, frequency, and size; and 
II. compare the bubbling trends vis-à-vis species segregation trends (Chapter 2), since bubbles 
are widely acknowledged as ‘mixing agents’41-44. 
Towards these objectives, measurements of bubble characteristics have been carried out 
using the same bubbling bed, operating conditions, and PSDs as in Chapter 2. 
 
1.6.2 Moderately Dense CFB Riser (Chapters 4-8) 
In view of the lackof comprehensive datasetsfor CFB risers of monodisperse and especially 
polydisperse materials, modeling efforts and hence a physical understanding of CFB 
hydrodynamics is hampered7, 9. Hence, this portion of the thesis aims to collect extensive local 
measurements spanning the entire riser, under four operating conditions, and for six different 
materials. The materials investigated involves both monodisperse and polydisperse ones, namely, 
(i) three monodisperse materials – with differences in particle size and/or material density, (ii) 
two binary mixtures – one with only a particle size difference between the species, and one with 
only a material density difference between the species, and (iii) one continuous PSD. 
To achieve the objectives, experiments have been carried out in the same CFB, operating 
conditions, and materials throughout Chapters 4 – 8. 
! "#!
1.6.2.1 Reverse core-annulus (Chapter 4) 
 The objective here is to investigate the solids concentration behavior of Geldart Group B 
particles, namely to:  
I. Obtain solids concentration profiles of monodisperse Geldart Group B materials, keeping 
in mind the widely acknowledged core-annulus (i.e., dilute core, dense annulus) profiles of 
Group A materials, and the behavioral differences in fluidization characteristics of the 
different Geldart groups11; and 
II. cross-validate Pitot tube and fiber optic probe, both of which give indications of solids 
concentration). 
 
1.6.2.2 Species segregation (Chapter 5) 
As noted above, investigation on species segregation characteristics have focused mostly 
on binary mixtures constituting of species with differences in both particle size and material 
density, and knowledge of continuous PSDs is comparatively scarce. Also, in view of the species 
segregation behavioral differences between binary mixtures and continuous PSDs in bubbling 
fluidized beds22-24, 36, 37, an enhanced understanding of continuous PSDs is needed. Hence, the 
objectives here are to: 
I. obtain an exhaustive dataset on the effects of riser position, operating condition and 
different types of polydispersity (two binary mixtures - one consisting of species with only 
a particle size difference, and one consisting of species with only a material density 
difference - and a continuous PSD) on species segregation; and 
II. compare (radial and axial) species segregation behaviors among the two binary mixtures 
and a continuous PSD. 
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1.6.2.3 Mass flux (Chapter 6) 
To address the issue indicated in a review16 of contradictory mass flux trends due to lack of 
a comprehensive mass flux datasets, this portion of the work sets out to: 
I. collect a comprehensive dataset spanning the entire riser under a range of operating 
conditions for six different materials (three monodisperse, two binary, and one continuous 
PSD); and 
II. analyze the impact of local riser position, operating conditions, material type (different 
monodisperse materials and effect of polydispersity) on mass flux behavior. 
 
1.6.2.4 Cluster characteristics of monodisperse and polydisperse materials (Chapter 7 
and 8) 
Since contradictory cluster trends have been reported in the literature, which is presumably 
due to the lack of complete datasets as is the case for mass flux trends16, a comprehensive dataset 
spanning the entire riser,under a range of operating conditions, and for different materials (both 
monodisperse and polydisperse) is needed. Notably, the impact of polydispersity on clusters is 
not available, and hence by comparing cluster characteristics of polydisperse materials vis-à-vis 
those for monodisperse, the effect of polydispersity on clustering behavior can be illustrated. 
Thereby, the objectives are to: 
I. collect a comprehensive dataset to analyze the impact of the local riser position, operating 
conditions, material type (different monodisperse materials and types of polydispersity) on 
cluster behavior; and 
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II. explore the applicability of the wavelet-based72, 73 cluster identification method already 
established for dense conditions74 to more dilute flow conditions and other materials, 
particularly polydisperse ones.  
 
1.6.3 Dilute CFB riser (Chapters 9 and 10) 
The focus here is on the impact of polydispersity, namely the varying widths of continuous 
PSDs and compositions of binary mixtures, on dilute-riser hydrodynamics. Three differences 
between the dilute riserhere and the previous moderately dense riser (Chapters 4 - 8) should be 
noted: (i) lower solid loading of m < 0.3 are examined in this work, whereas in the previous 
works m = 5.9 – 16.0, (ii) different operating conditions are used to control the system, namely 
the difference between superficial gas velocity and the terminal velocity of the particle (Us-Ut) is 
kept constant in this work, whereas overall mass flux (Gs) is kept constant in previous work, and 
(iii) perhaps most importantly, this work examines the impact of varying widths of continuous 
PSDs and compositions of binary mixtures on cluster characteristics, unlike previous work which 
was performed at a fixed width for the continuous PSD and a fixed composition for the binary 
mixture.   
 
1.6.3.1 Cluster characteristics (Chapter 9) 
 The impact of varying widths of continuous PSDs and compositions of binary mixtures on 
cluster behavior is not available. Therefore, the work described in this chapter aims to: 
I. investigate the impact of distribution width (continuous PSD) and composition (binary 
mixture) on cluster characteristics; 
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II. investigate differences and/or similarities of cluster characteristics between a dilute riser 
versus those in a moderately dense riser (Chapters 7 and 8); and 
III. cross-validate measurement results between a fiber optic probe and video camera, both of 
which give indications of cluster characteristics. 
 
1.6.3.2 Elutriation and species segregation (Chapter 10) 
The counter-intuitive behavior reported for a binary mixture of Group A and B 
materials65instigates the motivation for this effort.  Specifically, the elutriation flux of the coarse 
species (Ut > Us) in a binary mixture was observed to be non-monotonic with respect to the 
composition of the fine species (Ut < Us) 65. Accordingly, in view of (i) the different fluidization 
characteristics between Group A and B11, and (ii) behavioral differences between binary 
mixtures and continuous PSDs22-24, 36, 37, three objectives concerning total and species elutriation 
guide the elutriation portion of this chapter, namely to investigate: 
I. if the elutriation of the coarse species is similarly non-monotonic with increase in fine 
compositionfor a binary mixture consisting of two Geldart Group B materials; 
II. if the non-monotonic trend of coarse elutriation with composition of fines persist for 
continuous PSDs with changing distribution widths; and 
III. the impact of varying compositions of binary mixtures and varying widths of continuous 
PSDs on radial mass flux profiles. 
 
Analogously, three objectives guide the species segregation portion of this chapter: 
I. investigate impact of varying compositions of binary mixtures and varying widths of 
continuous PSDs on species segregation, and check for behavioral differences between the 
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two categories of polydispersity, as has been found previously for bubbling fluidized 
beds22-24, 36, 37; and 
II. compare the species segregation characteristics between a dilute riser (Chapter 10) and a 
moderately dense CFB riser (Chapter 5). 
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CHAPTER 2 
BUBBLING FLUIDIZED BED: SPECIES SEGREGATIONa 
 
Abstract 
 Bubbling, gas-fluidized bed experiments involving Geldart Group B particles with 
continuous particle size distributions (PSDs) have been carried out. Sand of various widths of 
Gaussian or lognormal distributions were completely fluidized, and then axial concentration 
profiles were obtained from frozen-bed sectioning.  Similar to previous works on binary systems, 
results show that mean particle diameter decreases with increasing bed height, and that wider 
Gaussian distributions show increased segregation extents.  Surprisingly, however, lognormal 
distributions exhibit a non-monotonic segregation trend with respect to distribution widths. In 
addition, the shape of the local size distribution is largely preserved with respect to that of the 
overall distribution. These findings on the nature of local size distribution provide experimental 
confirmation of previous results for granular and gas-solid simulations. Lastly, an interesting 
observation is that although monodisperse Geldart Group D particles cannot be completely 
fluidized, their presence in lognormal distributions investigated still results in complete 
fluidization of all particles. 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a Chew, Wolz and Hrenya, “Axial segregation in bubbling gas-fluidized beds with Gaussian and 
lognormal distributions of Geldart Group B particles”, AIChE Journal, 2011, 56 (12), p 3049-3061. 
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2.1 Introduction ! Bubbling fluidized beds belong to the lower velocity regime of gas-solid fluidized systems 
that are important in numerous industries, examples of which are Union Carbide Low-density 
Polyethylene and Mitsui Petrochemical Polypropylene1. The majority of such systems are 
characterized by a range of particle sizes and/or densities, and the various particle species de-
mix, or segregate, according to size and density2.4. Hence, an enhanced understanding of 
polydisperse flows will allow for an improvement of such existing operations and a more 
efficient design of new operations. Yet, despite the prevalence of continuous size distributions in 
industrial fluidized beds, most previous segregation studies have been focused on binary 
mixtures consisting of two particle types of different sizes and/or densities. A brief review of 
species segregation experiments and simulations in bubbling fluidized beds with binary mixtures 
has been presented by Joseph et al.5. Comparatively, few efforts have been devoted to the 
investigation of continuous size distributions; these previous contributions are described below.  
 Experimental results have been presented on the impact of continuous size distributions on 
the fluid mechanical behavior of bubbling beds, with effects ranging from minimum fluidization 
velocity6-8, bubble sizes9, pressure fluctuations10, presence of particles in bubbles6, 11, etc. The 
contribution by Grace and Sun10 represents one of the earliest reviews on the influence of 
particle size distribution (PSD) on the quality of fluidization, and they summarized that a wider 
PSD (of Geldart Group A particles) culminates in enhanced reactor efficiency through improved 
inter-phase mass transfer and better gas-solid contacting. One factor impacting gas-solid 
interaction is the degree of species segregation, and a few efforts have reported on species 
segregation for continuous size distributions7, 12, 13. Hoffman and Romp12 investigated a Gaussian 
distribution of Group B particles with a distribution width of 30% (i.e., ratio of standard 
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deviation, !, to the average diameter, dave), under various superficial gas velocities (Us).  They 
found segregation of the smallest and largest particles, respectively, at the upper and lower layers 
of the bed, which is qualitatively similar to previous findings for binary mixtures5, 14-16. Because 
of the presence of more size species in a continuous distribution, concentration maxima of 
particles of different sizes at different heights were observed along the bed. It was also found that 
species segregation continues to exist for velocities significantly higher than the minimum 
fluidization velocity. This particular Gaussian distribution reported is also one of the 
distributions investigated in this work. Lin and Wey13 and Gauthier et al.7 both compared a 
narrow cut, a binary mixture, a uniform distribution and a Gaussian distribution to examine how 
different PSDs affect fluidization. Lin and Wey13 found that the narrow cut and Gaussian 
distribution exhibited the best fluidization quality, which was defined as the least amount of  
pressure fluctuations. Gauthier et al.7 further observed that Gaussian PSD and narrow cut hardly 
segregate, whereas binary and flat PSD mixtures always segregate. Collectively, these 
experimental works provide some insight on how continuous distributions segregate relative to 
other types of distributions. What is still missing is the impact of the width of continuous 
distributions on segregation behavior, which is addressed in this work.  
 In addition to the experimental works on continuous PSDs in bubbling beds discussed 
above, a number of modeling efforts supplement the experimental results. Size-segregation in 
gas-solid fluidized beds containing continuous PSDs has been examined via Eulerian-
Lagrangian17 and Eulerian-Eulerian18 simulations, with both indicating that wider distributions 
show more extensive segregation than narrower ones. Earlier molecular-dynamics simulations 
involving granular flow (i.e., no interstitial fluid) led to a similar conclusion19. More specifically, 
Dahl and Hrenya17 employed an Eulerian-Lagrangian model of a gas–solid fluidized bed to 
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investigate the species segregation (de-mixing) behavior of both Gaussian and lognormal 
distributions over a range of distribution widths, restitution and friction coefficients, and gas 
velocities. The results indicate that: (i) the average particle diameter decreases as the height 
within the bed increases, (ii) the level of segregation increases with an increase in the width of 
the PSD, and (iii) shape of the local size distribution (i.e., Gaussian or lognormal) is found to 
mimic that of the overall size distribution in most regions of the fluidized bed. To date, 
experimental validation of points (ii) and (iii) have not been pursued, which serves as further 
motivation of the current work. Due to the assumptions incorporated in such simulations, 
experimental validation of models is important. In particular, recent work has indicated that the 
drag law treatment plays a crucial role in the qualitative and quantitative nature of segregation of 
polydisperse systems20, 21.  In the earlier DEM simulations of Dahl and Hrenya17, however, an ad 
hoc treatment of the polydisperse drag law was used since more rigorous, lattice-Boltzmann-
based treatments22, 23 were not yet available. 
 In an effort to build on the previous knowledge on the effect of continuous size 
distributions on species segregation, the objective of the current work is twofold: (i) to 
experimentally determine the impact of the width of the distribution on the degree of 
segregation, and (ii) to experimentally determine the shape of local size distributions throughout 
the bed. Experiments have been carried out involving both Gaussian and lognormal PSDs of 
Geldart Group B particles in low-velocity bubbling beds, with an emphasis on axial 
concentration profiles. The results validate the trends observed in previous simulations17 in terms 
of the segregation of larger particles to the bottom of the bed, a positive correlation between 
width of Gaussian distribution and segregation extent, and a general preservation of the shapes of 
local distributions. A surprising fourth finding, however, lies in the non-monotonic behavior of 
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segregation extents with widths of lognormal distributions.  Specifically, as the width of a 
lognormal distribution increases, the segregation extent increases and then decreases.  
 Finally, although not a primary focus of the current effort, interesting observations were 
also made for the fluidization behavior of Geldart Group D particles. Albeit the focus of this 
work being on Geldart group B particles, it is important to note that wide PSDs may, by 
necessity, span more than one Geldart group. This work presents evidence that the presence of 
Group B and D particles in a continuous distribution allow the Group D particles constituents to 
be fully fluidized even when a monodisperse suspension of the same Group D particles do not 
completely fluidize. The poor fluidization quality of the Group D particles is evidenced by the 
discrepancy between the actual bed mass and that calculated via the fluidization curve data. 
 
2.2 Experimental Description 
2.2.1 Experimental Apparatus 
 A schematic diagram of the experimental set-up for all fluidization experiments is shown 
in Figure 2.1, which is identical to that used by Joseph et al.5.  Particles are fluidized in a 
Plexiglas column which is 18.5 cm in diameter.  A Yaskawa V7 variable frequency drive 
controls a Fuji Electric VFD5 regenerative blower that provides the air for fluidization.  A 
National Instruments LabVIEW program (version 7.1) remotely controls the driver.  A Mott 
Corporation 316 stainless steel sintered porous plate, with an average porosity of 40% and 1.6 
mm thickness, serves as the distributor plate.  The superficial velocity (Us), which is reported at 
local atmospheric conditions (air with a 0.97 kg/m3 density and 1.85 ! 10-5 Pa"s viscosity), is 
determined based on measurements via a Lambda Square Oripac 4150-P orifice plate flow meter, 
which is located upstream of the plenum.  Relative humidity (RH) in the unit is enhanced by an 
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Air-O-Swiss model AOS 7144 humidifier placed at the inlet of the blower. Relative humidity 
(RH) is kept above 40% for all experiments to help reduce electrostatics24-27. The operating air 
temperature and RH in the plenum are measured by means of an Omega HX93AV-RP1 probe, 
with a temperature range of -4 to 171 oC and RH range of 0 to 100%, inserted into the plenum.  
The pressure drops across the orifice plate flow meter, across the distributor plate, and across the 
entire fluidized bed are measured using Orange Research 20100 Series low-differential pressure 
transmitters with the ± 0.2% accuracy option.  Pressure drop statistics across the orifice meters 
are transmitted to the computer and superficial velocities computed. All temperature, relative 
humidity, superficial velocity and pressure data are recorded throughout the experiments. 
 
Figure 2.1. Schematic of fluidized-bed experimental set-up. 
 
2.2.2 Particle Size Distributions (PSDs)  
 Two continuous size distributions, namely Gaussian and lognormal, were examined using 
sand particles. The sand was acquired from US Silica Company, with a specific gravity of 2.65. 
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Various distribution widths were examined; the distribution width is defined as the ratio of 
standard deviation (!) of particle size distribution to sauter-mean particle diameter (dsm). The 
range of !/dsm used for Gaussian distributions is 10% to 30%.  These lower and upper limits are 
specified such that the system will not resemble a monodisperse system and will not require 
negatively-sized particles, respectively. The range of !/dsm used for lognormal distributions is 
10% to 70%. The lower limit is 10% because it is observed that a lognormal distribution with 
!/dsm = 10% is similar to the Gaussian distribution with the same !/dsm, so the results for the 
Gaussian distribution with !/dsm = 10% will be used in the analysis for lognormal distributions 
too. The upper limit is established to avoid using sand particles of greater than 2.8 mm, which 
are scarce. 
 As mentioned above, this effort focuses on Geldart Group B particles fluidized by air under 
atmospheric conditions. For operation strictly within Geldart Group B classification28, the size 
range of the sand particles was calculated to be 80 - 670 !m, and this is the range used for all 
Gaussian distributions investigated. For the wider lognormal distributions (!/dsm > 30%), 
however, some bigger particles in the Geldart Group D classification were required since the 
entire Geldart Group B range is not wide enough to contain the full distribution of particle sizes. 
The Sauter-mean diameter (dsm) of all the Gaussian and lognormal distributions under 
investigation was set to 375 !m, which is the middle value of the stipulated Group B size range. 
In this work, dsm is kept constant and the widths of the continuous PSDs (denoted !/dsm) are 
varied. The dsm is used instead of other characteristic diameters since it is the most physically 
relevant.  Namely, dsm is the ratio of the volume-based to surface-based diameters, the former of 
which is proportional to the gravitational force and the latter of which is proportional to the drag 
force. The size distributions used in the experiments were prepared based on exact expressions 
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for the frequency distribution function (fm) for Gaussian and lognormal systems: 
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where ! is the standard deviation of the mass-based PSD, x is particle diameter, and  is the 
arithmetic mean of the mass-based PSD. Analogously, the mass-based lognormal distribution is 
defined as  
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whereby the natural logarithm of this distribution is a Gaussian PSD with arithmetic mean " and 
standard deviation !µ. Correspondingly, to compute the Sauter-mean diameter (dsm)29, the mass-
based distributions (fm) in Equations 2.1 and 2.2 are converted to the corresponding number-
based PSDs (fn),and  then dsm is determined as 
! 
x 3 fn"
x 2 fn"
. 
 Shown in Figure 2.2 are the Gaussian (Figure 2.2a) and lognormal (Figure 2.2b) 
distributions (fm), obtained respectively by Equations 2.1 and 2.2 and denoted by lines, as well as 
the experimental values obtained via sieving and denoted by points. More specifically, the 
experimental value of fm is determined as the ratio of the mass fraction to width of the particle 
size bin (as determined by the sieve cutoffs); note the division by bin width serves as a 
normalization to provide a straightforward means of comparison between bins of different 
widths30. Fisherbrand U.S. Standard Brass Test Sieves, 0.20 m diameter x 0.05 m height, were 
used for preparing the particle size distributions (PSD). Figure 2.2 illustrates the close 
correspondence between the exact and experimental distributions. Notably, the particle sizes for 
all widths of Gaussian distributions investigated are contained in the Geldart Group B 
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classification (80 - 670 !m), while up to 24% by mass of the widest lognormal distribution (!/dsm 
= 70%) falls in the Geldart Group D classification. As mentioned previously, due to the nature of 
the lognormal distribution, it is not possible to restrict all particle sizes to within Group B 
classification, and larger Group D particles have to be included for an accurate representation. 
  
!
Figure 2.2. Frequency distributions of (a) Gaussian with !/dsm = 10%, 15%, and 30%; and (b) 
lognormal with !/dsm = 10%, 30%, 50%, and 70%. The lines represent exact distributions as 
defined by Equations 2.1 and 2.2, while the discrete points are experimental values. 
 
 Prior to all experiments, sand acquired from the vendor was fluidized at greater than three 
times the complete fluidization velocities (Ucf, as detailed below) for at least 100 hours. The 
high-velocity fluidization was necessary to smooth out the rough edges of the particles to avoid 
further attrition so as to preserve the integrity of PSDs during fluidization experiments. 
Validation tests have also been carried out to ensure reproducibility and reliability of the sieving 
technique used for measuring PSDs.  In particular, care was taken to ensure each sieve tray was 
never more than half full, and an adequate sieve-shaking duration was observed depending on 
the loading size. For example, for a 2 kg sample, a sieve-shaking duration of 10 minutes and 
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more gave the same sieve results, hence a sieve duration of 10 minutes was determined to be 
sufficient. 
 
2.2.3 Axial Concentration Measurements  
 As a precursor to the axial concentration (or segregation) measurements, fluidization 
curves were first generated to determine Ucf, the complete fluidization (superficial) velocity, 
which is defined as the velocity beyond which the pressure drop across the bed remains constant. 
To determine Ucf, the particle bed of a given distribution underwent repeated cycles of 
defluidization-fluidization over a range of superficial velocities (Us) to generate the fluidization 
curves, which are plots of pressure drop (!P) versus Us. De-fluidization was always run first to 
ensure a repeatable initial state for subsequent fluidization, and three cycles of defluidization-
fluidization were carried out for each distribution. Superficial velocities (Us) were decreased or 
increased incrementally by 0.01 m/s, and held at each step for 40 s, after which pressure drop 
across the bed is averaged over 10 s. For all the distributions investigated, the pressure drop at 
which the curve plateaus for higher Us (i.e. Us > Ucf) is equal to the ratio of the bed weight over 
cross-sectional area (W/A), which provides evidence of complete fluidization. Due to some noise 
present in the data, a systematic method of Ucf determination was employed, namely defining Ucf 
as the average Us of the first 5% of the total number of points that fall within ± 1% of the 
expected W/A value. 
 To ensure repeatable initial conditions for the segregation experiments5, the bed was 
initially mixed at a high superficial velocity, specifically Us = 3 Ucf, before lowering it to the 
desired value of 1.2 Ucf used in the segregation experiments. An adequate duration for this initial 
mixing was carefully determined: after fluidizing the bed for a stipulated duration, the PSD from 
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an axial section at a dimensionless height (h/H, where h is the height of the axial section and H is 
the collapsed bed height) of 0.5 was measured via sieving. Because the Gaussian distribution 
with !/dsm = 30% was found to display the most significant segregation (described later), it was 
used for this portion of the investigation. At 3 Ucf, essentially superimposable PSDs were 
observed for durations ranging from 15 minutes to 1 hour, implying that 15 minutes is sufficient 
to generate reproducible initial conditions.  Hence, the bed was allowed to initially mix at 3 Ucf 
for 15 minutes before the velocity was lowered for the subsequent segregation experiments. The 
same procedure was used in the investigation of binary mixtures by Joseph et al.5.  
 After the initial mixing period described above, the gas velocity was adjusted to the lower 
value, namely 1.2 Ucf, for which steady-state axial concentration profiles are obtained. The value 
of 1.2 Ucf was chosen because the operating Us has to be high enough to ensure that the bed is 
completely fluidized and yet low enough such that subsequent bed freezing does not lead to 
further segregation during bed collapse. The duration required to achieve steady-state and 
reproducibility was also investigated. For the same reason described previously, the Gaussian 
distribution with !/dsm = 30% was used in this study. The bed was fluidized at 1.2 Ucf for various 
durations (namely, 30 minutes, 1 hour, 2 hours, and 60 hours). While segregation was 
incomplete at 30 minutes, the system appeared to have reached steady state at 1 hour and 
beyond. Henceforth, the air supply was quickly shut off and the plenum vented to freeze the bed 
after 1 hour of fluidization at 1.2 Ucf. Axial concentration profiles were then measured by 
vacuuming out axial sections of the collapsed bed and sieving the resulting samples. Radial 
segregation was found to be insignificant relative to variations in the axial direction, and hence 
only axial concentration profiles are reported5.  
 In summary, the procedure for the segregation experiments is as follows. (1) Load 8 kg of 
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sand with the stipulated distribution into the column. (2) Generate a defluidization-fluidization 
curve in order to determine Ucf. (3) Mix the bed for 15 minutes at high velocity (3 Ucf) to 
generate reproducible initial conditions for the subsequent low-velocity fluidization. (4) Fluidize 
the bed at low velocity (1.2 Ucf) for a period sufficient (1 hour) for steady-state segregation to be 
reached. (5) Abruptly shut off the gas feed to collapse the bed. (6) Vacuum out axial sections of 
the bed for sieve analysis. As mentioned above, this methodology is restricted to low fluidization 
velocities in order to effectively eliminate the potential of segregation upon bed collapse5.  
 
2.2.4 Reducing Electrostatics  
During the preliminary experimental runs, some evidence of electrostatics was observed in 
the fluidized bed. For example, some sand particles were observed to be sticking to the inner 
walls of the Plexiglass column. The observation of electrostatics is not surprising, since contact 
charging between particles having the same chemical makeup but different sizes has been 
previously confirmed24, 31. Because the focus of the current effort is on the impact of continuous 
PSDs on segregation behavior (rather than electrostatic effects), efforts were made to eliminate 
the effect of electrostatics. Henceforth, maintaining RH at above 40% by means of a humidifier 
placed at the inlet of the blower was used to reduce electrostatics12, 24, 25. At higher RH, the sticky 
nature of the sand particle to the inner wall of the Plexiglass column appeared to have attenuated. 
Although Figure 2.3 shows that axial concentration profiles at RH ~ 25% and RH ~ 55% were 
similar, implying the ineffectual role of electrostatics on the segregation profiles under 
examination in this work, all fluidization experiments were nonetheless carried out at RH above 
40%. 
 
 ! "#!
 
Figure 2.3. Axial species concentration profiles of Gaussian distribution with !/dsm = 30% at RH 
~ 25% and RH ~ 55%. 
 
2.3 Results & Discussion 
2.3.1 Fluidization Curves  
As a first step, fluidization curves ("P vs. Us) were generated for all distributions 
investigated to determine the complete fluidization velocity (Ucf) values and the quality of 
fluidization. The Ucf values are necessary to ensure complete fluidization of all particles in the 
bed when carrying out segregation experiments, while also ensuring operation at low enough 
velocity (1.2 Ucf) to eliminate potential segregation during bed collapse by keeping bed 
expansion to a minimum. Moreover, as pointed out above, although the focus of this work is on 
Geldart Group B particles, Geldart Group D particles were also included in the wider lognormal 
distributions investigated (!/dsm = 30% to 70%) since the width of these distributions is greater 
than the range of diameters contained in Group B alone. Because Group D particles are known to 
exhibit poor fluidization quality, it was necessary to verify whether or not these bigger particles 
were completely fluidized in the column.  For this assessment, a good test is the accurate 
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prediction of bed weight (W) using the fluidization curves, as described below. Specifically, the 
weight of the particles fluidized by air was compared to the weight of particles loaded into the 
bed. 
The fluidization curves of the narrowest and widest distributions of the Gaussian and 
lognormal distributions investigated are shown in Figure 2.4. The experimental values of Ucf, 
namely the point at which the bed pressure drop (!P) becomes constant with further increases in 
superficial gas velocity (Us), are marked with vertical lines. As observed in Figure 2.4, the 
transition from the packed-bed region (line of non-zero slope) to the fluidized region (horizontal 
line) for continuous distributions is not abrupt, compared to the precipitous change (i.e., 
discontinuity in slope values) expected for a monodisperse distribution. Especially for the wider 
lognormal distributions (Figure 2.4c and d), the transition is a smooth elbow, due to the range of 
minimum fluidization velocities (Umf) of the various particle sizes contained in the distribution. 
Accordingly, a protocol for determining Ucf that identifies the point of minimum Us at which the 
data points are within ± 1% of the W/A value was used. For all the distributions investigated, the 
experimental pressure drops (data points) plateau at the measured bed weight (W) divided by the 
cross-sectional area (A) (horizontal dashed line), indicating that the bed was completely fluidized 
beyond Ucf. As expected, Ucf values are similar, because the distributions are centered about the 
same mean particle size (dsm); it has been reported that Ucf values of the continuous distributions 
agree with Umf of the mean particle size6, 7. Notably, the Ucf value of the widest distribution 
investigation, specifically lognormal distribution with "/dsm = 70%, is slightly higher than the 
other distributions, presumably due to the presence of the largest amount of coarse Group D 
particles. 
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Figure 2.4. Fluidization curves of Gaussian distributions with (a) !/dsm = 10% and (b) !/dsm = 
30%, and lognormal distributions with (c) !/dsm = 30% and (d) !/dsm = 70%. The data points 
represent bed pressure drops during repeated defluidization and fluidization, while the horizontal 
dashed line represents the experimental bed weight over cross sectional-area (W/A). 
 
Interestingly, although a bed of monodisperse Group D particles do not fully fluidize, their 
presence in the lognormal distributions did not result in the under-prediction of W/A. In 
particular, as displayed in Figure 2.5, “monodisperse” Group D particles of size range 1 - 2 mm 
give a 13% under-prediction of W/A, indicating that the particles are not fully fluidized, and 
providing evidence that Group D particles exhibit poor fluidization quality. However, as 
previously shown in Figure 2.4c and d, the presence of the same Group D particles in lognormal 
distributions does not give rise to the under-prediction of W/A, even though they represent up to 
24% by mass of the lognormal distribution with !/dsm = 70%.  This observation that the presence 
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of a wide range of particle sizes enhances fluidization of larger particles is especially noteworthy 
since the Umf of the monodisperse Group D system, which agrees with existing empirical 
correlations1, is about six times that of the Ucf of the continuous distributions contained in Figure 
2.4. A possible explanation for the improvement of fluidization has been shown via discrete 
element model (DEM) simulations showing that systems with wide PSD exhibited higher 
particle velocities around bubbles and faster bubble growth, hence enhancing fluidization32. As 
will be further elucidated in the following section, the width of a continuous distribution is an 
important factor in the hydrodynamics of fluidization. 
 
Figure 2.5. Fluidization curve of monodisperse Geldart Group D sand of particle size range 1-2 
mm. The data points represent repeated fluidization and defluidization, while the horizontal bold 
line represents the experimental W/A. 
 
2.3.2 Axial Concentration Profiles  
The axial concentration profiles for the Gaussian distributions investigated are shown in 
Figure 2.6. The mass-based frequency (fm) is on the x-axis and represents the proportion of each 
sieve cut for a given axial section. The dimensionless height (h/H) is on the y-axis. h/H is used 
for easier comparison across the distributions, because the different proportions of various 
particle sizes in different distributions result in slightly different packing heights. A vertical line 
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on these plots implies no axial variation of concentration for a given sieve cut, thereby indicating 
a perfectly mixed system, while a contoured line implies segregation of different-sized particles. 
At least two experiments were carried out for each distribution, and the error bars represent the 
experimental variations, expressed as the difference between the maximum and minimum values 
obtained. Since the overall mass fraction of a given sieve cut changes between distributions of 
different widths, the appropriate comparison of the extent of segregation between the various 
distributions is the verticality of the lines on the axial segregation plots, rather than the absolute 
values of fm. For the distribution with !/dsm = 10% (Figure 2.6a), it is observed that the h/H 
versus fm plots for the various sieve cuts are almost vertical, indicating that the system is well-
mixed. On the other hand, for the distribution with !/dsm = 30% (Figure 2.6c), the plots are far 
from vertical, indicating that comparatively extensive segregation is observed among the 
different sizes of sand particles. The gradual increase in segregation as the width of distribution 
is increased is hence apparent in Figure 2.6, providing experimental evidence to the DEM17 and 
continuum-model18 simulation findings that wider distributions exhibit more extensive 
segregation for a gas-fluidized bed for Gaussian distributions in this range of widths. 
Furthermore, Figure 2.6 shows that the mass fractions of the coarser and finer particles are 
greater at the bottom and top of the bed, respectively, consistent with modeling and 
experimental2.5 (see references and references therein) findings of binary systems of size-
segregating systems. !
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Figure 2.6. Axial concentration profiles of Gaussian distributions with !/dsm = (a) 10%, (b) 15%, 
and (c) 30%. 
 
 In addition to the axial concentration plots presented, the overall extent of segregation for 
each starting distribution can be compared using a single integrated quantity. This measure, 
examples of which include the mixing index (M) and segregation index (s), has been derived for 
binary distributions. The mixing index (M) takes the form33, 34   
 
! 
M = x
< x >  (2.3)                              
where x is the concentration of the larger particles in the topmost layer of the particle bed and 
<x> is the average concentration of the larger particles in the entire bed, such that M = 1 
corresponds to perfect mixing and M = 0 implies perfect segregation. On the other hand, the 
segregation index (s) takes into account both particle sizes, and is expressed as35 
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s = S "1Smax "1
  (2.4)      
The numerator in Equation 2.4 contains the ratio of the actual heights of the small and large 
particles which is indicative of the actual degree of segregation:    
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S = < hsmall >
< hlarge >
         (2.5)                                                           
where <hsmall> and <hlarge> are the calculated average dimensionless heights of the small and 
large particles respectively. Specifically,  
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< hsmall >= xsmall,i * hi( )
i
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< hlarge >= xlarge,i * hi( )
i
"  (2.7)                                        
where hi represents the dimensionless height (with respect to the bed height) of each axial section 
that is vacuumed out and analyzed for PSD and xi represents the mass fraction of the species in 
that particular axial section. 
 The denominator in Equation 2.4 contains the associated maximum degree of segregation, 
which occurs when the small particles are wholly in the top portion while the large particles are 
all in the bottom portion:  
 <hsmall>max = xlarge + 0.5 xsmall = 1 - 0.5 xsmall (2.8)  
 <hlarge>min = 0.5 xlarge = 0.5 (1 – xsmall) (2.9) 
Hence, the maximum degree of segregation can be expressed as: 
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S = < hsmall >max
< hlarge >min
=
2 " xsmall
1" xsmall
 (2.10)                  
 Accordingly, the segregation index (s) is defined in Equation 2.4 such that s = 1 
corresponds to perfect segregation while s = 0 implies perfect mixing. Since M considers only 
the bigger particles and topmost layer, it is not as inclusive as s, which takes into account 
concentrations and averaged heights of both species in the binary mixture. Henceforth we 
consider only s to more accurately represent our data. Nonetheless, it is observed that M shows 
the same trends.  
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 In order to quantify the extent of segregation for continuous size distributions, a new 
segregation index (scont) is introduced here based on an extension of the segregation index for 
binary mixtures (s). Specifically, the modifications made to scont are twofold: (i) the definitions of 
‘large’ and ‘small’ needs to be changed, because the demarcation is not as clear-cut as in a binary 
distribution, and (ii) Equation 2.10 only works for a binary distribution, and hence was modified 
as described below (Equation 2.11). Regarding (i), ‘large’ and ‘small’ are now defined as the 
uppermost and lowermost sieve cuts that constitutes at least 10% by mass of the total mass of the 
bed, since the maximum experimental variation in the segregation data was observed to be 10% 
by mass. Regarding (ii), the maximum extent of overall segregation is re-defined for more 
general case because xlarge is no longer simply (1- xsmall), as was assumed in Equations 2.8 
through 2.10.   By lifting this assumption, a more general form of Smax is obtained: 
 
! 
Smax =
2xlarge + xsmall
xlarge
 (2.11)        
 Similar to the binary definition, the above modification for continuous distributions ensures 
that scont  = 1 corresponds to complete segregation while scont = 0 implies complete mixing. These 
segregation indices (scont) and the corresponding make-up of ‘large’ and ‘small’ particles are 
presented in Table 2.1. It is worth noting that although the percentage of ‘large’ and ‘small’ 
particles are not constant through the various distributions due to limited sieve meshes available, 
effort was made to make the numbers similar for the fairest comparison possible. Results clearly 
show an increase in scont, which corresponds to an increase in the extent of segregation, with the 
width of the Gaussian distributions. !!!!!
 ! "#!
Table 2.1. Segregation indices (scont) of Gaussian distributions investigated. !
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Analogous axial concentration profiles and segregation indices (scont) are contained in 
Figure 2.7 and Table 2.2 for the lognormal distributions investigated. As evident in Figure 2.7, 
while the segregation profiles for !/dsm = 10% and 70% are vertical lines indicating well-mixed 
systems, those for !/dsm = 30% and 50% are contoured lines indicating segregated systems. This 
trend is corroborated with the data contained in Table 2.2, which shows quantitatively that while 
lognormal distributions with !/dsm = 10% and 70% have similarly low values of scont, the 
distribution with !/dsm = 30% has the highest scont, implying the most segregated system. This 
non-monotonic segregation behavior of lognormal distributions has not been previously reported 
in simulations or experiments. Nonetheless, non-monotonic segregation levels have been 
observed in binary mixtures with species of different material density (but same size), wherein 
segregation has been observed to be strongest for intermediate compositions, with fairly well-
mixed systems at low- or high-concentrations of jetsam5.  Looking back at Figure 2.2b, it is 
apparent that the lognormal distribution with !/dsm = 70% does consist of the greatest amounts of 
the finest as well as largest particles.  However, it is worthwhile to note that previous work on 
binary mixtures does not reveal a non-monotonic segregation behavior when considering species 
with the same material density but different sizes5, which is most analogous to the continuous 
PSDs under consideration in this work. 
A possible explanation may be related to the bubbling phenomenon. Rowe et al.33 were the 
first to suggest that rising bubbles are the vehicles for particle mixing. Quantitatively, Nienow et 
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al.36 found the rate of bubbling, which has been associated with mixing behavior, as being 
proportional to the excess gas velocity (Uexcess) defined as 
 
! 
Uexcess =Us "Umf , small  (2.12)    
where Umf,small is the minimum fluidization velocity of the smallest particles and Us is the 
operating superficial gas velocity (which in this work is 1.2 Ucf). When Uexcess < Us, segregation 
predominates, and when Uexcess > Us, mixing takes over.  The slightly larger Ucf of the 
lognormal distribution with !/dsm = 70% (Figure 2.4d) may thus be associated with more mixing: 
while a wider distribution is expected to result in more segregation by virtue of the increased 
number of species present, the effect of mixing based on excess gas velocity (Uexcess) may tilt the 
mixing-segregation balance the other way. Subsequently, some studies have shown that a wide 
size distribution usually give the highest reactor efficiency, while the narrow blend give the 
lowest6, possibly associated with bubbling patterns in bed37. DEM simulations32 have also shown 
that systems with a wide PSD exhibit higher particle velocities around bubbles, while 
experiments9, 10 corroborated the enhancement of mixing through the production of smaller and 
faster-moving bubbles. However, it can be argued that if the lognormal distribution with !/dsm = 
70% exhibits the least extent of segregation due to its greatest width, why is it that the Gaussian 
distribution with the greatest width of !/dsm = 30% did not similarly exhibit a well-mixed 
system? Grace and Sun10 reviewed the influence of PSD on fluidized bed reactors and asserted 
that fines content per se is not a sufficient parameter to characterize segregation: their nature and 
the overall size distribution have to be considered. Correspondingly, future work is needed to get 
a clearer physical picture of the mechanisms leading to the non-monotonic segregation patterns 
observed here. 
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Figure 2.7. Axial segregation profiles of lognormal distributions with (a) !/dsm = 10%, (b) !/dsm 
= 30%, (c) !/dsm =  50%, and (d) !/dsm =  70%. 
 
Table 2.2. Segregation indices (scont) of lognormal distributions investigated. !
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 The segregation extents for the various widths of Gaussian and lognormal distributions 
investigated (Table 2.1 and Table 2.2) are compared directly in the plot of segregation indices 
(scont) in Figure 2.8. As pointed out previously, results in this work suggest that, while the 
segregation extents are positively correlated with the PSD widths for Gaussian distributions, a 
non-monotonic behavior exists for lognormal distributions. Comparing the segregation indices 
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(scont) shows that the lognormal distribution with !/dsm = 50% is less segregated that the Gaussian 
distribution with !/dsm = 30%.  At first glance, this observation seems contrary to previous 
simulation work for fluidized beds17, 18, which compared segregation in Gaussian distributions of 
!/dsm up to 30% and a lognormal distribution of !/dsm = 50%, and reported that the lognormal 
distribution exhibits the most extensive segregation. However, two distinctions between the 
previous simulations17 and the current experimental work are worth pointing out.  First, the PSDs 
in the simulations were number-based, whereas the PSDs in the current work are mass-based.  
Perhaps more importantly is a difference in particle properties. In comparing distributions of 
different widths, the previous simulation work17 also incorporated a change in the restitution and 
friction coefficients of the particles.  More specifically, the widest lognormal distribution 
investigated (!/drms = 50%, where drms is the root-mean-square diameter) also had the least 
dissipative particles, which led to a bubble-less (and thus relatively segregated) system; the 
narrower distributions investigated in the simulations had more dissipative particles and 
correspondingly exhibited bubbling (see Hoomans et al.14 for further discussion of relationship 
between particle properties and bubbling characteristics).  In the current set of experiments, the 
same material (sand) was consistently used, and bubbles were observed in all systems.  Hence, a 
strict comparison between the previous simulations17 and current experiments is not warranted.!
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Figure 2.8. Plot showing the correlation between scont and !/dsm for Gaussian and lognormal 
distributions. !
2.3.3 Shape of Local PSD  
In addition to the axial concentration profiles associated with each size range given above, 
the shape of the size distribution (Gaussian or lognormal) at a given axial height is also of 
interest. Although the PSD of the entire bed mass is specified (e.g., Gaussian with !/dsm = 10%), 
segregation of particles may lead to different local PSDs. For the Gaussian distributions 
investigated, Figure 2.9 shows how the shapes of the local PSDs vary axially along the bed. The 
local PSDs are nearly superimposed for the distribution with !/dsm = 10% (Figure 2.9a), except 
for a slight rightward shift of the PSD at the bottommost axial section. This behavior further 
indicates a well-mixed system, as previously elucidated, implying that a system with a narrow 
distribution behaves similar to a monodisperse system. For the distributions with !/dsm = 15% 
and 30% (Figure 2.9b and c), the PSDs associated with various axial locations are more 
separated, with a rightward shift of the PSDs as the particle bed is traversed downwards, 
indicating again the segregation of bigger particles toward the bottom. Furthermore, for the 
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distribution with !/dsm = 10% (Figure 2.9a) and 15% (Figure 2.9b), the PSDs at each axial 
location still resemble a Gaussian distribution. However, more deviations are observed for the 
distribution with !/dsm = 30% (Figure 2.9c), especially for the two bottom-most PSDs. 
 
 
Figure 2.9. Axial PSDs of Gaussian distributions with (a) !/dsm = 10%, (b) !/dsm = 15%, and (c) 
!/dsm = 30%. 
 
 To better quantify how closely the shape of the local distribution mimics that of the overall 
distribution, comparisons between the (local) experimental PSD and an exact Gaussian PSD (as 
given by Equation 2.1) are made by minimizing the root-mean-square (rms) difference between 
them via changing the values of dsm and !/dsm. It should be noted that the local distributions may 
have different dsm and !/dsm but still characterized by the same shape (i.e. Gaussian or 
lognormal). For the Gaussian distribution with !/dsm = 10%, the statistics of the PSDs show that 
the dsm and !/dsm for the PSD at each axial location are similar to the initial PSD with dsm’s 
approximating 375 µm and !/dsm’s approximating 10%, further indicating a well-mixed system. 
Axial variations in minimized rms differences between experimentally generated and exact PSDs 
for each Gaussian distribution are plotted in Figure 2.10. As shown in Figure 2.10, the rms 
differences are less than 0.001% and 10% for all local PSDs obtained for the Gaussian 
distributions with !/dsm of 10% and 15%, respectively. On the other hand, rms differences 
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average about 15% for the upper few PSDs of the Gaussian distribution with !/dsm of 30%, with 
rms differences as high as 40% for the two bottom-most PSDs. It seems that the wider the 
distribution, the larger the deviation of the local shape of the local PSD from an exact Gaussian, 
which is not surprising considering the increase in the number of species present in a wider 
distribution. Nonetheless, it can be concluded that the Gaussian shape of the PSDs at each axial 
section of the bed is largely preserved, which agrees with previous simulation findings in both 
granular and gas-fluidized systems17, 19. The observation that the bottommost PSDs no longer 
remain Gaussian has also been shown in DEM simulations17, and it was postulated to be due to 
the bottom regions being more stagnant. 
 
Figure 2.10. Plot showing variation of the minimized rms difference between the PSD at each 
axial location and the equation-generated PSD for the Gaussian distributions investigated. 
 
For lognormal distributions, the analogous plots for variations in the local PSD are shown 
in Figure 2.11 and Figure 2.12. Figure 2.11 again shows that the shape of the local PSD at each 
axial location resembles the shape of the overall PSD, namely a lognormal distribution. Figure 
2.12 further quantifies how similar each local PSD is to an exact lognormal PSD by a plot of the 
axial variation of the minimized rms difference between the experimentally obtained and exact 
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lognormal PSD. The increased discrepancies for wider lognormal distributions of !/dsm ! 30% 
are much greater than that for !/dsm = 10%. Also, it is apparent that the greatest discrepancy for 
lognormal distributions with !/dsm > 30% is of the bottommost PSD at h/H = 0.07. Similar to the 
findings for the Gaussian distribution with !/dsm = 30%, the minimized rms differences between 
experimentally obtained and exact PSDs for the lognormal distribution are mostly about 10%, 
except for the PSDs at the bottommost positions. Except for the lognormal distribution with !/dsm 
= 10%, it appears that the bottommost (h/H = 0.07) PSDs of all the other distributions are not 
lognormal, presumably due to the predominance of the coarser Group D particles in the 
bottommost layer of the bed. As previously mentioned, DEM simulation of gas-fluidized bed has 
shown similarly that the measured local PSD are not Gaussian or lognormal in regions where 
particles move infrequently (e.g. nearly stagnant regions of the bed near the bottom)17.  
 
 
Figure 2.11. Axial PSDs for the lognormal distributions with (a) !/dsm = 10%, (b) !/dsm = 30%, 
(c) !/dsm = 50%, and (d) !/dsm = 70%. 
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Figure 2.12. Plot showing variation the minimized rms difference between the PSD at each axial 
location and the equation-generated PSD for the lognormal distributions investigated. 
 
2.4 Summary 
Experiments involving low-velocity, bubbling, gas-fluidized beds have been carried out for 
Geldart Group B particles of various widths of Gaussian and lognormal distributions, with a 
focus on the axial concentration profiles. Specifically, fluidization curves were first generated to 
determine the velocity for complete fluidization (Ucf), followed by steady-state fluidization at 1.2 
Ucf. Although only Group B particles were used in the Gaussian distributions, up to 24% by mass 
of the widest lognormal distribution (!/dsm = 70%) was made up of Group D particles. Due to the 
nature of the lognormal distribution, it is not possible to restrict all particle sizes to within Group 
B classification, and larger Group D particles have to be included for an accurate representation. 
The complete fluidization velocity (Ucf) is the minimum superficial gas velocity (Us) 
beyond which bed pressure drop ("P) equals to W/A. As such, W/A is a good indicator for quality 
of fluidization. Interestingly, although monodisperse Geldart Group D particles exhibited poor 
fluidization, as indicated by the failure of the bed pressure drop to attain W/A, their presence in 
the wider lognormal distributions did not stunt the quality of fluidization. 
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Results for the Gaussian (!/dsm = 10%, 15%, and 30%) and lognormal (!/dsm = 10%, 30%, 
50%, and 70%) distributions investigated show that (i) increased segregation is observed for 
wider Gaussian distributions, whereas a non-monotonic correlation exist between segregation 
extents and width of lognormal distributions, (ii) similar to previous findings for binary mixtures, 
finer and coarser particles tend to segregate respectively to the top and bottom, (iii) the shape of 
the PSD (i.e., Gaussian or lognormal) at each axial section is preserved with respect to the 
overall PSD, except for the bottommost PSDs of the wider distributions. With the exception of 
the surprising finding of the non-monotonic behavior of the segregation extents with increasing 
widths of lognormal distributions, the experimental findings agree with previous discrete particle 
simulations17 and continuum modeling18 of gas-solid fluidized beds with continuous size 
distributions. It should be noted that the nonmonotonic segregation behavior with respect to 
width of the lognormal distributions is not necessarily at odds with previous simulation17 results. 
More specifically, bubbles were absent in the simulation of the widest lognormal distribution17, 
presumably due to a change in particle properties (restitution and friction coefficients), whereas 
bubbles were consistently observed in the current experiments, which all involved the same 
particle material (sand). More work is needed to resolve this issue definitively. 
An interesting follow-up of this work is the investigation of bubbling phenomena 
associated with the various widths of the Gaussian and lognormal PSDs. Bubbles have been 
reported to be mixing agents, and may hold the key to developing a clearer physical picture to 
explain the non-monotonic segregation behavior with respect to the widths of the lognormal 
distributions. For example, DEM simulations have indicated that systems with a wide particle 
size distribution exhibit higher particle velocities around bubbles, resulting in faster bubble 
growth and its subsequent rise through the fluidized bed, thereby promoting mixing32. 
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Experimental evidence of this observation would be useful, because bubbling and species 
segregation behaviors are expected to be tightly coupled. Accordingly, Chapter 3 of this thesis 
focuses on the investigation of bubble characteristics for the same systems presented here. 
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CHAPTER 3 
BUBBLING FLUIDIZED BED: 
LINKING BUBBLE AND SPECIES SEGREGATION BEHAVIORSb  
!
Abstract 
 Experiments involving a bubbling, gas-fluidized bed with Gaussian and lognormal particle 
size distributions (PSDs) of Geldart Group B particles have been carried out, with a focus on 
bubble measurements.  Previous work (Chapter 2) in the same systems indicated the degree of 
axial species segregation varies non-monotonically with respect to the width of lognormal 
distributions1. Given the widely accepted view of bubbles as ‘mixing agents’, the initial 
expectation was that bubble characteristics would be similarly non-monotonic. Surprisingly, 
results show that measured bubble parameters (frequency, velocity and chord length) increase 
monotonically with increasing width for all PSDs investigated. Closer inspection reveals a 
bubble-less bottom region for the segregated systems, despite the bed being fully fluidized. More 
specifically, results indicate that, the larger the bubble-less layer is, the more segregated the 
system becomes. The direct comparison between bubbling and segregation patterns performed 
provides a more complete physical picture of the link between the two phenomena.  
 
 
########################################################
b Chew and Hrenya, “Link between bubbling and segregation patterns in gas-fluidized beds with 
continuous size distributions”, AIChE Journal, in press, 2011. 
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3.1 Introduction  
 Results in Chapter 2 on continuous PSDs reveal an unexpected non-monotonic (increases 
then decreases) axial species segregation behavior with respect to distribution width1, which is a 
deviation from binary mixtures. Specifically, while binary mixtures have been shown to 
increasingly segregate with increasing disparity in size and/or density2-5, the trend is not so 
straightforward for continuous distributions. This surprising observation provides the motivation 
for the current effort.  In particular, the objective of this work is to better understand the driving 
force behind the observed non-monotonic segregation behavior, with an eye toward the link 
between bubbling and species segregation. 
 Because bubble characteristics are also known to vary along the height of a bed (e.g., 
bubbles can grow with height), the gas-solid contact times of segregated particles at the top and 
the bottom of the bed may vary, thereby impacting the overall efficiency of the unit. Before 
discussing the role of bubbles in systems with particles of different sizes and/or material 
densities, a review of previous findings on bubbles in monodisperse beds is warranted.  The 
bubbles observed in low-velocity, gas-fluidized beds can be traced to an inherent instability of 
the suspension6-9 and are believed to be the primary factor associated with solids dispersion, 
mixing, and reactor efficiency9-12. As early as 1962, Rowe et al.13 used an X-ray technique to 
experimentally characterize bubbles in gas-fluidized beds, and the X-ray photographs of bubbles 
provided evidence that bubbles are primarily responsible for the axial movement of particles in 
the bed. Since then, detailed experimental observations of the bubbling phenomenon have 
sprouted14-16, including, but not limited to, the volume of the wake behind the bubbles17, cloud 
formation around bubbles18, 19, bubble coalescence20-22 and breakage23, and exchange between 
the bubble and emulsion phase24-26. Generally, bubbles are commonly referred to as ‘mixing 
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agents’, carrying particles efficiently upwards and allowing particles to fall through them 
downwards13, 17, 27, 28.  
 For fluidized beds with particles of different sizes, studies on bubbling are scarcer.  It has 
been reported that addition of fines (particle diameter < 45 µm) improves mixing29-31, and 
electrical capacitance tomography has further verified that the enhanced mixing is brought about 
by the increase in the relative proportion of gas flowing interstitially and that the maximum 
mixing is at a fines content of 15%31. More recently, Beetstra et al.32 determined experimentally 
the impact of fines and distribution width of Geldart Group A particles on bubbling effects, and 
it was found that either increasing the width of the PSD or increasing fines amount 
independently reduced bubble size at high velocity (10 times minimum fluidization velocity, 
Umf) and enlarged bubble size at low velocity (1.5 Umf). DEM simulations have also indicated 
that systems with a wider PSD exhibit higher particle velocities around bubbles, resulting in 
faster bubble growth and its subsequent rise through the fluidized bed33. Collectively, these 
efforts shed light on how the presence of a size distribution alters the bubbling behavior. 
 Although a direct link between bubbling behavior and species segregation is often 
presumed, experimental studies with side-by-side measurements of bubble parameters and 
species segregation are lacking. In an effort to build on previous knowledge on the effect of 
continuous PSDs on species segregation and bubbling phenomena, the objective of the current 
work is twofold: (i) to experimentally determine the impact of the width of the PSD on bubble 
velocity, bubble frequency, and bubble size, and (ii) to compare the bubble measurements with 
species segregation measurements. The latter is of particular importance in order to determine 
whether bubbles also serve as the primary ‘mixing agents’ for polydisperse systems. A 
particularly good test case for this hypothesis is the species segregation results shown in Figure 
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2.81, which indicates that, while the level of segregation increases with width for Gaussian 
distributions, a non-monotonic behavior exists for lognormal distributions. Note that Gaussian 
distributions with !/dsm > 30% are not physically possible due to the introduction of negative 
particle diameters at wider distributions widths.  Hence, with regard to objective (ii), the 
pertinent question is:  do bubble parameters (frequency, velocity, and chord length) in systems 
with Gaussian distributions behave monotonically with respect to distribution width, while the 
bubbles characteristics behave in a non-monotonic manner with increasing width of lognormal 
distributions?  
 In the current effort, bubbling measurements have been carried out for the same set of 
systems represented in Figure 2.2, such that a direct comparison between degree of segregation 
and bubbling behavior is possible. Surprisingly, the results indicate that bubble parameters 
(frequency, velocity and chord length) increase monotonically with an increase of PSD widths 
for all Gaussian and lognormal distributions examined. Accordingly, a direct correlation between 
measured bubble characteristics and degree of segregation does not exist. More explicitly, even 
though a non-monotonic correlation between degree of segregation and the width of lognormal 
distribution was observed, the bubbling parameters show a monotonic increase with PSD width. 
Nonetheless, a more careful examination of the data reveals the presence of a bubble-less layer in 
segregated systems. The height of this bubble-less layer is tightly coupled to the degree of 
segregation, thereby providing the sought-after physical link between bubbling and segregation 
patterns.   ###
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3.2 Experiment Description 
3.2.1 Experimental Apparatus 
 The experimental setup for all bubbling experiments is identical to that used in Figure 2.11 
for the corresponding segregation experiments. As further illustrated in Figure 3.1, for this suite 
of experiments, the axial ports along the column facilitate the insertion of the fiber optic probe 
used for detecting bubbles. Specifically, seven ports, spaced 2.54 cm axially apart and the lowest 
of which is 5.08 cm above the distributor plate, are available for insertion of the fiber optic 
probe. 
 
 
Figure 3.1. Experimental set-up. #
 In this chapter, the objective is to obtain bubble measurements for the same PSDs given in 
Figure 2.2. Accordingly, the experimental protocol is similar to that in Chapter 2 (Section 
2.2.3)1, except that a fiber optic probe is utilized to obtain information on the bubble 
characteristics. At the start of each run, the fiber optic probe was inserted into one of the seven 
ports, and positioned such that the probe tip was flush with the inner wall of the column. Then, 
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the prepared distribution of sand was placed in the column. Similar to Chapter 2, the particle bed 
was mixed at high velocity (three times superficial velocity for complete fluidization (3 Ucf)) for 
15 minutes, and then fluidized at 1.2 Ucf for one hour to achieve a statistical steady state. 
Afterwards, the fiber optic probe was positioned sequentially at each of the nine radial positions 
to collect data for one minute. The same protocol was then repeated for the other axial locations. 
To obtain reasonable 95% confidence intervals of the data, each measurement was repeated ten 
times. 
 
3.2.2 Fiber Optic Probe and Signal Analysis  
 With regards to the fiber optic probe, it consists of two bundles of fibers, one positioned 
vertically above the other. Each bundle contains three fibers: one fiber is used to transmit the 
light source, the second is the receiver conduit, while the third is redundant but is an important 
spare, as displayed in Figure 3.2. A higher voltage signal is obtained from the receiving fiber 
when light emitted from the light-source fiber is blocked, as occurs when the probe is surrounded 
by the emulsion (particle-rich) phase. On the other hand, a lower voltage signal is obtained when 
light from the emitter is relatively unobstructed, which occurs when the probe tip is surrounded 
by a bubble. Hence, as illustrated in the voltage traces of the bottom and top fiber bundles given 
in Figure 3.3, which is a plot of voltage measured by the probe versus time, bubbles appear as 
downward spikes in the voltage signal.  Information about the bubbles can thus be extracted by 
defining a threshold voltage value (Vthreshold), which serves as a demarcation between bubbles and 
the emulsion phase. 
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Figure 3.2. Schematic of tip of fiber optic probe. 
 
 
Figure 3.3. Example of bubble trace obtained from fiber optic probe:  voltage vs. time for top 
and bottom bundle, where Vthreshold indicates the demarcation between bubble (below) and 
emulsion (above) phase. #
 As demonstrated in Figure 3.4, Vthreshold is determined by first plotting the probability 
density function (PDF) of the voltage trace obtained from the fiber optic probe at increments of 
0.001 s. Then, the mode of the PDF and the 99th percentile of the cumulative count are 
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determined. Finally, Vthreshold is calculated as the voltage at which the voltage difference (!V) 
between Vmode and V99th-percentile is the same as that between Vmode and Vthreshold, namely: 
   (3.1)  
   (3.2)  
With this value of Vthreshold at hand, a “bubble-only” trace can be obtained by eliminating the 
portions of the trace above Vthreshold. From the bubble-only traces of the top and bottom fiber 
bundles, the frequency of bubbling, duration of each bubble, and bubble velocity can be found, 
as described below. In particular, analysis of these traces do not give bubble size per se, but 
instead bubble chord length, which is an indicator of bubble size34, 35.  
#
Figure 3.4. Probability distribution function (PDF) of bubble trace, with Vthreshold, Vmode, and 
V99th-percentile marked. 
 
 With regards to bubble frequency, the number of segments of continuous data points above 
Vthreshold is counted, then normalized by measurement duration. As for vertical velocity of the 
bubble, when both the distance between the fiber bundles (Figure 3.2) and the time lapse 
between the voltage signals obtained by the bottom and top bundles are known, velocity can be 
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derived. The distance between fiber bundles is measured to be 0.25 cm, while the time lapse is 
derived by cross-correlating the two signals to find where the point of strongest correlation lies. 
The cross-correlation formula is given as  
 
   (3.3)                  
where n is the total number of data points in each signal, d is the time lapse in units of data points 
being compared between the two signals, xi and yi+d are the bottom and top signal voltages 
respectively at time i and i+d, xmean and ymean are the mean of the bottom and top signal voltages 
respectively, and !x and !y are the standard deviation of each signal trace. " = 1 implies perfect 
correlation between the bottom and top signals, i.e. no time lapse. Dividing the distance between 
the fiber bundles (namely, 0.25 cm) by the time lapse derived by Equation 3.3 hence gives the 
vertical velocity of the bubbles. Then, bubble chord lengths can be obtained by multiplying the 
vertical velocity by durations of each segment of continuous data points above Vthreshold.   
 Validation of fiber optic data for all bubble parameters considered here (frequency, velocity 
and chord lengths of bubbles) was obtained via comparison with existing correlations for 
monodisperse Group B particles (for example, see results of Hiraki and Kunii36, Hilligardt and 
Werther37, Mori and Wen38, as presented in Kunii and Levenspiel12, for bubble frequency, 
velocity, chord length respectively).  It is also worth noting that previous work34 has shown that 
chord length can be used as a reliable indicator of bubble size for a given particle shape even if 
the bubble also has a horizontal component of velocity; for purposes of this work, however, only 
the direct measurement of chord length will be reported. 
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3.3 Results and Discussion  
 Experiments to obtain bubble data were carried out in an attempt to better understand the 
previously-reported, counter-intuitive segregation behavior displayed in Figure 2.8, namely the 
non-monotonic segregation levels observed with increases in the width of lognormal 
distributions.  Accordingly, the experimental conditions were identical to those described in 
Chapter 21. The initial hypothesis being tested stems from the physical picture of bubbles as 
‘mixing agents’.  In other words, would the previously observed segregation patterns correlate 
with bubbling characteristics – e.g., are higher bubbling frequencies observed in the more well-
mixed systems?  For this hypothesis to hold, bubbling parameters (some or all) should vary 
monotonically with PSD widths for Gaussian distributions and non-monotonically for lognormal 
distributions, analogous to the previously reported segregation trends (Figure 2.8). With this in 
mind, the bubbling characteristics (bubble frequency, velocity, and chord length) are presented 
as follows for both Gaussian and lognormal distributions of varying widths. 
 Before considering each bubble characteristic in turn, it is worthwhile to compare the axial 
and radial variations of the bubble quantities being measured.  For purposes of illustration, a plot 
of mean bubble chord length versus dimensionless radius (r/R) is depicted in Figure 3.5, with 
error bars representing 95% confidence intervals. It is observed that mean bubble chord length 
increases with bed height, which is not surprising because bubbles are known to grow axially 
throughout a bed consisting of Geldart Group B particles10, 12. Radial variation in bubble chord 
lengths is minimal compared to the noted axial variation, which is consistent with previous 
segregation results in which radial segregation was found to be negligible vis-à-vis axial 
segregation1. This consistency between bubbling and segregation results is not surprising since 
bubbles are often viewed as ‘mixing agents’. Consequently, since radial variation of bubbling 
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characteristics (namely, frequency, velocity, and chord length) is negligible, the focus of the 
following discussion will be on axial variation. 
 
 
Figure 3.5. Radial profiles of mean bubble size profiles at each axial position for Gaussian 
distribution with !/dsm = 30%. 
 
 The bubble characteristics measured for Gaussian distributions with !/dsm = 10% – 30% are 
shown in Figure 3.6 through Figure 3.8, which are plots of bed height (h) versus bubble 
frequency, bubble velocity and bubble chord length, respectively. Error bars represent 95% 
confidence intervals. Analogously, Figure 3.9 through Figure 3.11 contain similar plots for 
lognormal distributions with !/dsm in the range of 10% to 70%. It should be noted that the larger 
error bars for the widest lognormal distribution of !/dsm = 70% should be expected, since biggest 
bubble chord lengths are found in this distribution, which implies a greater variation of chord 
lengths measured. Collectively, it is observed in Figure 3.6 through Figure 3.11 that bubble 
frequency, velocity and chord length increase monotonically with increase in PSD width for both 
Gaussian and lognormal PSDs. Because the previously reported degree of segregation for 
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lognormal distributions is non-monotonic with respect to PSD width, the original anticipation 
that (some or all) bubble characteristics would be similarly be non-monotonic does not hold.  
 
 
Figure 3.6. Axial profiles of bubble frequency for Gaussian distributions. ##
 
Figure 3.7. Axial profiles of bubble velocity for Gaussian distributions. 
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Figure 3.8. Axial profiles of bubble chord length for Gaussian distributions. 
 
 
 
Figure 3.9. Axial profiles of bubble frequency for lognormal distributions. #
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Figure 3.10. Axial profiles of bubble velocity for lognormal distributions. ###
 
Figure 3.11. Axial profiles of bubble chord length for lognormal distributions. 
 
 Since bubbles have been known to play an important role in segregation behavior, it is 
worthwhile to take a more detailed look at the bubble trends to see if they are consistent with 
expectations.  In particular, for both Gaussian PSDs and the narrower (!/dsm ! 30%) lognormal 
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PSDs, the bubble characteristics vary monotonically with distribution width, as did the 
previously reported segregation measurements (Chapter 2)1. So the question remains: does the 
direction (increasing or decreasing) of the bubble trends make sense in light of the segregation 
data?  More specifically, since bubbles are known to be ‘mixing agents’, an increase in the 
frequency and velocity of bubbles is presumed to enhance mixing, and vice versa.  
 Because an increase in the width of a Gaussian PSD was found to lead to increased 
segregation (Figure 2.8), it was initially expected that bubble frequency and velocity would 
decrease with increasing PSD width. Surprisingly, it is observed in Figure 3.6 and Figure 3.7 that 
as the width of the Gaussian PSD increases, the frequency and velocity of the bubbles increase 
too. With regards to bubble sizes, bigger bubble sizes are expected to enhance mixing: Rowe et 
al.28 asserted that the most important mechanism for transporting particles up the bed is by the 
bubble wake, which is approximately 20% of the volume of bubbles for the size range 
investigated here 17. Nevertheless, Figure 3.8 illustrates that bubble chord length increases with 
PSD width (consistent with previously reported work on Group A particles32), which thus does 
not seem to explain the increasing segregation extent. Hence, the results indicate that, not only is 
there a lack of correlation between bubbling and segregation phenomena (in particular, for 
lognormal distributions, bubbling is largely monotonic with an increase in width but segregation 
is not), but even for the distributions (Gaussian) where there is a correlation, the trends are 
opposite of expectation. A similarly puzzling observation is observed for lognormal distributions 
over the range in distribution widths associated with increasing extent of segregation (!/dsm = 10 
– 50%).  Namely, the bubble frequency, velocity, and chord length increase with distribution 
width (Figure 3.9 through Figure 3.11, respectively), which is seemingly contrary to the 
increasing levels of segregation (Figure 2.8).  
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 A more careful look at the bubble measurements holds the key to understanding the link 
between bubbling and segregation patterns. Bubbles indeed serve as mixing agents, but the 
observed segregation is due instead to the absence of bubbles. In particular, a bubble-less layer –  
a bottom region of the bubbling bed where bubbles are not detected by the fiber optic probe – is 
observed in some systems.  Specifically, the bubble-less region is where zero bubble frequency is 
detected, as evidenced in Figure 3.6 and Figure 3.9; the corresponding velocity and chord length 
are not plotted, as these parameters are not relevant in the absence of bubbles. This layer is 
evidenced in Figure 3.6 through Figure 3.8 for Gaussian systems.  The largest bubble-less layer 
is observed for !/dsm = 30%, in which bubbles are not detected for the three lowest axial 
positions, whereas only the lowest axial position appears bubble-less for !/dsm = 10% and 15%.  
This trend in the bubble-less layers corresponds directly to segregation levels, which is greatest 
for !/dsm = 30% in the Gaussian system.  A similar correspondence is noted for the lognormal 
systems across all distribution widths.  Recall from Figure 2.8 that the segregation behavior is 
surprisingly non-monotonic with respect to PSD width for the lognormal distributions, with 
segregation extent peaking for the lognormal distribution with !/dsm = 30%. Figure 3.9 through 
Figure 3.11 illustrate that the most segregated lognormal distribution of !/dsm = 30% has the 
largest bubble-less layer. While bubbles are detected from the second lowermost position 
upwards for the more uniformly mixed lognormal distributions of !/dsm = 10%, 50% and 70%, 
bubbles can only be detected from the third lowermost position upwards for the lognormal 
distribution of !/dsm = 30%.  Hence, the experimental data conclusively show that regardless of 
the magnitude of the bubble parameters measured in the upper layer, the larger the bubble-less 
layer, the more segregated a system becomes. 
 Two additional points are worth commenting regarding this link between the size of the 
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bubble-less layer and the extent of segregation. First, although bubbles are not detected in the 
bottom layer, it is important to note that the entire bed (including the bottom layer) is known to 
be completely fluidized, because the pressure drop across the bed (!Pbed) is equal to the ratio of 
the weight of the bed to the cross-sectional area of the column (W/A) at the operating superficial 
gas velocity (Us). Second, the failure to detect bubbles can be traced to either bubbles being non-
existent or bubbles being smaller than 0.1 cm, which is the separation between two fibers in each 
bundle (Figure 3.2). Regardless of the situation, however, mixing by bubbles will be ineffective 
in the bottom layer. More specifically, consider liquid-solid fluidized beds which do not exhibit 
the bubbling behavior. Such systems are known to display species segregation, which can be 
traced to the drag force descriptions for each species. This driving force for species segregation 
will also be present in gas-fluidized beds regardless of whether or not bubbles are present. When 
bubbles are present, however, their motion induces mixing of the various species. Accordingly, 
in the bottom bubble-less layer, the segregation mechanism dominates, resulting in a gradient of 
concentration across that layer (Figure 3.12). Along the same lines, in the upper bubbling layer, 
the mixing mechanism dominates, resulting in a well-mixed layer (note vertical nature of 
concentration profiles in upper layer of Figure 3.12). 
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Figure 3.12. Axial segregation profile of the finest and coarsest species for Gaussian distribution 
with !/dsm = 30%. 
 
 Given that the presence of bubble-less layers provides a link between the observed 
bubbling behavior and (integrated) segregation index, it is useful to see how the axial profiles of 
each compare. Figure 3.12 is a plot of the axial segregation profiles of two different size species 
for the Gaussian distribution with !/dsm = 30%. The y-axis is the height of the particle bed (h), 
and the x-axis represents mass-based frequency (fm), which is the mass fraction of the species 
normalized with respect to bin sizes. As depicted in Figure 3.12, two distinct layers of almost 
constant species concentration is observed, which has been similarly reported before for 
continuous PSDs1, 39. Interestingly, but perhaps unsurprisingly, the range of heights over which 
the transition between the two distinct regions in Figure 3.12 arises (h/H ~ 0.4 – 0.6) corresponds 
exactly to the h range at which transition from bubble-less to bubbling regimes for !/dsm = 30% 
(Figure 3.6 through Figure 3.8). Other Gaussian and lognormal distributions similarly illustrate 
that the transition height between bubble-less and bubbling regime corresponds to the transition 
height between the two distinct layers in the axial segregation profiles (Chapter 2)1. 
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3.4 Summary 
 Although bubbles are widely viewed as ‘mixing agents’, a direct comparison between the 
species segregation trends in systems with continuous PSDs and corresponding bubble 
characteristics has been lacking. The previously-reported, non-monotonic segregation behavior1 
(with respect to distribution width) for lognormal distributions provides a unique case study for 
testing the presumed link between segregation and bubble patterns. Hence, experiments 
involving low-velocity, bubbling, gas-fluidized beds have been carried out for Geldart Group B 
particles of various widths of Gaussian and lognormal distributions, with a focus of comparing 
axial segregation to bubble profiles. 
 Measured bubble parameters (frequency, velocity, and chord length) for the Gaussian 
(!/dsm = 10%, 15%, and 30%) and lognormal (!/dsm = 10%, 30%, 50%, and 70%) distributions 
are reported.  A somewhat surprising initial observation is the lack of correlation between the 
degree of segregation and the measured bubble parameters, with respect to distribution width.  In 
particular, although the lognormal distribution displays a non-monotonic degree of segregation 
as the distribution width is increased, all measured bubble parameters are found to increase over 
the entire range of distribution widths explored. Nonetheless, the key to understanding the 
segregation patterns is tied to the presence of a bubble-less layer at the bottom of the (fully-
fluidized) bed.  Namely, the degree of segregation is strongly tied to the height of the bubble-less 
layer at the bottom of the bed. For well-mixed systems (i.e., Gaussian distribution with !/dsm = 
10%, and lognormal distributions with !/dsm = 10% and !/dsm = 70%), bubbles are present axially 
throughout most of the bed, hence enabling thorough mixing. For the most segregated systems 
among the Gaussian and lognormal distributions (!/dsm = 30%), the largest bubble-less bottom 
layer is observed, where although the entire bed is fully fluidized, bubbles are either absent or so 
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small (< 0.1 cm) that they cannot be detected. Hence, the larger the bubble-less layer at the 
bottom of the bed, the more segregated the system becomes.  Another new finding resulting from 
this work is the monotonic increase in all bubble parameters (frequency, velocity, and chord 
length) with respect to PSD width.  
 Finally, the experimental results in Chapters 2 and 3 are expected to be valuable towards 
the validation of discrete element models (DEM) and two-fluid models for continuous PSDs. To 
date, the vast majority of modeling efforts have focused on binary mixtures, and various closures 
(kinetic theory for collisional stresses, frictional stress, drag laws, etc.) required for adaptation to 
continuous PSDs remain largely untested, partly due to the lack of detailed experimental data 
like that reported in this work. Model validation can proceed on multiple fronts using this 
dataset: non-monotonic degree of species segregation with respect to PSD width, existence of a 
bubble-less layer, trends of bubble characteristics with widths of distributions, link between 
segregation and bubbling profiles, and so on. #
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CHAPTER 4 
MODERATELY DENSE CFB RISERS:  
REVERSE CORE-ANNULAR FLOW OF MONODISPERSE PARTICLESc 
 
Abstract 
 Experiments involving monodisperse Geldart Group B particles have been carried out in a 
pilot-scale riser of a circulating fluidized bed (CFB).  Several combinations of superficial gas 
velocity (Us), solids flux (Gs), average particle diameter (dave), and particle material density (!s) 
were investigated. Surprisingly, the experiments reveal the presence of a reverse core-annulus 
profile (i.e., a dense core with a dilute annulus) under certain conditions.  Specifically, for the 
large glass beads (dave= 650 µm, !s= 2500 kg/m3), the reverse core-annulus profile was observed 
near the top of the riser for all Us and Gs combinations examined. For high-density polyethylene 
(HDPE) beads (dave= 650 µm, !s= 900 kg/m3) of the same dave, reverse core-annulus was 
observed at the top of the riser only at relatively low Gs. However, for the smaller glass beads 
(dave =170 µm, !s=2500 kg/m2s), the traditional core-annulus profile was observed for all Us and 
Gs combinations. Although previous work provides possible explanations for this behavior (gas-
phase turbulence, etc.), the evidence obtained in this system suggests a novel dominant factor for 
reverse core-annulus flow: the particle Stokes number (St). Lower-St particles are more apt to 
follow the gas exiting the riser while higher-St particles have a longer relaxation time and thus 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!$!Chew, Hays, Findlay et al., “Reverse Core-Annular Flow of Geldart Group B Particles in Risers”, 
submitted, Powder Technology, 2011.!
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are more likely to re-enter the riser after collision with the roughened rounded-elbow exit. 
Accordingly, the re-direction of particles from the rounded exit elbow and back into riser due to 
large-scale roughness along the elbow is greater for higher-St particles. 
 
4.1 Introduction  
Circulating fluidized beds (CFBs) operated at much higher velocities than the bubbling 
fluidized beds described in Chapters 2 and 3, and find important applications in coal gasification, 
fluid catalytic cracking, chemical looping, and so on. The focus of the current effort (Chapters 4 
- 10) is on the riser section of the CFB, which refers to the high velocity, vertical section. In the 
riser, various flow characteristics, for example, solids concentration (Chapter 4), species 
segregation (Chapters 5 and 10), mass flux (Chapter 6), and cluster behavior (Chapters 7 - 9), are 
well-known to vary in both the axial and radial directions. Accordingly, the gas-solids contact 
times in different parts of the riser may vary, thereby impacting the overall efficiency of the unit. 
The vast majority of published work for CFBs has been for Geldart1 Group A particles, in which 
presence of core-annulus flow (i.e., a relatively dilute core and dense annulus) and clustering 
instabilities are well-documented2-4.  Accordingly, the aim of this effort is to establish a rich 
experimental dataset of riser characteristics for Geldart Group B particles, and to compare the 
resulting behavior with that previously obtained for Group A systems.  
 The primary focus of this chapter is on solids volume fraction (ϕ) profiles, because an 
unexpected finding is revealed therein. Notably, the current chapter involves three monodisperse 
materials with differences in average particle size (dave) and/or material density (!s), namely (i) 
“large” glass beads with dave = 650 µm and !s = 2500 kg/m3, (ii) “large” HDPE (high-density 
polyethylene) beads with dave = 650 µm and !s = 900 kg/m3, and (iii) “small” glass beads with 
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dave = 170 µm and !s = 2500 kg/m3. Materials (i) and (ii) (large glass and HDPE, respectively) 
differ in material density (!s) but not size (dave), whereas materials (i) and (iii) (large glass and 
small glass, respectively) differ in dave but not !s.  
 The experimental results for the Group B particles exhibit an interesting feature: a reversal 
of the core-annulus phenomenon (i.e., a dense core and dilute annulus) is observed for some of 
the materials at some of the operating conditions examined. Although previous researchers have 
made observations related to the reverse core-annulus, the source of the reversal present in this 
work is more nuanced, and can be explained physically in terms of the Stokes number (St).  First, 
with regards to previous work, Bolio and Sinclair5 found using a kinetic-theory-based model that 
solids concentration along the riser axis increases with increased dilution due to the increased 
dominance of gas-phase turbulence effects.  However, reverse core-annulus was observed in the 
present work at values of solids loading (m) higher than that of the ‘dilute limit’, namely m = 85, 
6, where m is the ratio of overall solids flux to that of the gas flux. In another kinetic-theory-
based effort, Benhayia et al.7 reported that wall roughness leads to a reverse core-annulus too, 
but the reversal is not as exaggerated as found in the current work.  In an experimental study, Du 
et al.8 observed deviation from the traditional core-annulus profile (coined a double-ring 
structure) during the transition to choking, which is at much higher solids concentration than in 
this work.  
 One explanation for the new finding of reverse core-annulus profile involves the Stokes 
number (St) of the material and roughness elements along the upper wall of the rounded elbow 
exit. Specifically, particles are re-directed from the rounded exit elbow and back into riser due to 
large-scale roughness along the elbow. This explanation is consistent with the dependency of the 
experimental observations on St (ratio of particle inertia to viscous effects of fluid). Namely, it is 
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observed that the material with the highest St (i.e., large glass) not only displayed reversal of the 
core-annulus profile for all conditions investigated, but also gave the highest extent of reversal. 
In other words, higher St particles are more likely to follow straight trajectories between 
collisions (and thus be re-directed back into riser after collision with roughness element along 
rounded elbow), whereas lower St materials are more apt to follow the fluid directly out of the 
riser. 
 
4.2 Experimental Description 
4.2.1 CFB system  
 Figure 4.1 shows a schematic of the circulating fluidized bed (CFB). The riser, which is the 
section of interest in this work, is 0.30-m in diameter and 18.3-m tall, with a rounded-elbow exit. 
Blowers supply air for fluidization, and the air enters the riser through a mixing pot at the bottom 
to ensure uniform dispersion. The air flow rate is controlled by a manual valve, and the 
superficial gas velocity (Us), which is reported at local atmospheric conditions, is determined 
with an orifice plate located upstream of the mixing pot. The operating air temperature and 
relative humidity (RH) are measured by means of an Omega HX93AV-RP1 probe, with a 
temperature range of -4 to 171 oC and RH range of 0 to 100 %, inserted before the mixing pot. 
Two cyclones connected in series downstream of the riser exit enable recirculation of the solids.  
The solids flow rate back to the riser is controlled by a pneumatic slide valve at the bottom of the 
standpipe. Pressure drops across the orifice plate and along the entire riser are measured with 
pressure transmitters. All temperature, RH, Us and pressure data are recorded via a DASYlab 
data acquisition program throughout the experiments. Ports for probe insertion are available at 
five approximately equally-spaced axial positions along the entire riser height, and two ports 
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azimuthally 90o apart in the horizontal plane are available at each axial position. 
 
  
Figure 4.1. Schematic of CFB at PSRI. 
 
4.2.2 Particles Investigated 
 The materials of interest are various sets of monodisperse particles with different material 
density (!s) and size (dave), namely (i) “large” glass (!s = 2500 kg/m3 and dave= 650 µm) (ii) 
“large” high-density polyethylene, HDPE (!s = 900 kg/m3 and dave= 650 µm), and (iii)  “small” 
glass (!s = 2500 kg/m3 and dave= 170 µm), as listed in Table 4.1. Materials (i) and (ii) (large glass 
and HDPE, respectively) differ in material density (!s) but not size (dave), whereas materials (i) 
and (iii) (large glass and small glass, respectively) differ in dave but not !s.  To obtain as narrow a 
distribution of sizes as possible, particles procured from vendors (glass beads of both sizes from 
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Midwest Finishing Systems and HDPE from Dyneon LLC) were sieved using the Sweco 
industrial sieve to obtain narrower particle size distributions (PSD’s). Since the continuous 
nature of the Sweco sieve gives rise to an imperfect separation between the various sieve sizes, a 
representative sample was obtained from each drum of sieved material and then the PSD’s were 
further analyzed using a Ro-Tap sieve-shaker. The resulting PSD for each material is depicted in 
Figure 4.2, which shows a plot of mass-based frequency (fm, which is mass fraction of each sieve 
cut normalized with respect to bin size, for fairer comparison among sieve cuts of different 
widths) versus particle size. For each material, the width of the distribution, defined as the 
standard deviation (!) normalized with respect to dave, is approximately 10%. As shown in Figure 
4.2, the large glass and large HDPE have similar PSD’s, while the small glass has a PSD that is 
shifted leftwards due to its smaller dave. In addition, as shown in Figure 4.3, the particles are 
approximately spherical. 
 
Table 4.1. Monodisperse materials investigated !
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Figure 4.2. PSDs of materials investigated.  !
 
Figure 4.3. Photograph taken under the microscope of (a) large glass, (b) large HDPE, and (c) 
small glass. The grid openings shown are of size 200 µm by 200 µm. !
4.2.3 Operating conditions 
 In an effort to operate at the higher superficial gas velocity (Us) and (integrated) mass flux 
(Gs) ranges to mimic industrial CFB’s9, a series of range-finding experiments were carried out to 
maximize the range of operating values based on physical constraints. The highest limit Us was 
17 m/s, restricted by the avoidance of the generation of too much pressure on the Plexiglass 
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fronting the rectangular fluidized bed in the recirculation loop (Figure 4.1). The lower limit was 
13.5 m/s to allow for higher mass flux (Gs) to be investigated. As for Gs, the practical limits are 
120 kg/m2s and 260 kg/m2s. The lower bound for Gs was restricted by sensitivity of the Pitot 
tube / extraction probe to detect solid volume fraction (ϕ) at the higher Us limit; On the other 
hand, the upper Gs bound was restricted by the lower Us limit to deter slugging. The resulting 
four combinations of Us and Gs were examined, as tabulated in Table 4.2. Another way to 
characterize these conditions is via the solid loading (m), which is a dimensionless quantity 
defined as the ratio of solid flux to gas flux: 
 
 (4.1)                 
where !g is the density of air, namely 1.2 kg/m3. In this work, m ranges from 5.9 to 16.0 were 
investigated. 
Table 4.2. Operating conditions for monodisperse materials. !
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4.2.4 Solids Concentration Measurements 
 To characterize the solid phase in the riser, local measurements were taken at various axial 
and radial positions along the riser. Instruments used include pressure transmitters, an extraction 
probe, a Pitot tube, a fiber optic probe, and a thermal conductivity detector for helium detection. 
Figure 4.4 shows the configuration used for the extraction probe, Pitot tube and fiber optic probe. 
The extraction probe and Pitot tube have been fabricated such that probe tips are oriented 90o to 
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the probe shaft in order to measure quantities (flux, velocity) associated with upward or 
downward flow while minimizing the intrusiveness of these probes. The orientation of the fiber 
optic probe and helium detector were used in a straight or horizontal configuration. 
Measurements were collected at five axial locations using two sets of 11 radial measurements 
that are 90o apart in the horizontal plane, as shown in Figure 4.4b.  Two radial planes of 
measurements were collected to better discern the radial profile (i.e., a symmetric profile was not 
assumed). Only quantities derived from the Pitot tube, extraction probe and fiber optic probe will 
be presented in this Chapter.   
 
!
Figure 4.4. Schematic illustrating (a) probe positions in the riser and (b) implementation of bi-
directional measurement at each axial position.!
 
4.2.4.1 Pitot tube and Extraction probe 
 The solids volume fraction (ϕ) profiles were obtained using a combination of the Pitot tube 
and extraction probe measurements. The Pitot tube is well-established as an instrument used to 
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obtain air velocity via measurements of differential pressure between stagnant and dynamic 
pressures (!Ppitot), defined as: 
  (4.2)   
where " is a calibration constant specific to the Pitot tube used, and #g and Vg are the air density 
(1.2 kg/m3) and air velocity, respectively. To adapt this instrument for acquiring solid-phase 
information in the riser10-13, another term is added to Equation 4.2: 
  (4.3) 
where #s and Vs are the density and velocity of the solid particles, respectively, and ϕ is the solid 
volume fraction. An assumption and calibration are necessary10-13 in implementing Equation 4.3. 
First, an assumption is made that since solid density (#s) is on the order of 103 times greater than 
that of air (#g), the contribution of the gas phase to !Ppitot is negligible, and hence the term 
accounting for the gas phase is omitted. Second, to ensure validity of the data acquired by the 
Pitot tube, calibration of the instrument in the air-only limit is required using Equation 4.2. 
Specifically, the average Vg obtained by integration of the radial Vg profile measured with the 
Pitot tube is compared with the corresponding value of the known gas flow fed to the riser10. 
Hence, substituting for #g and average Vg, ! is derived using Equation 4.2.  It was found that the 
specific design of the Pitot tube used, which is fabricated in-house at PSRI, warrants a 
calibration constant (") of 0.9. Therefore, Equation 4.3 becomes: 
  (4.4)  
Subsequently, as validation of the Pitot tube used for this work, different (integrated) air flow 
rates were measured accurately. Since there are two remaining unknowns (ϕ and Vs) in Equation 
4.4, extraction probe data is also needed: 
                                                            (4.5) 
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where Gr is the local mass flux measured by the extraction probe. Solving Equations 4.4 and 4.5 
simultaneously, the particle velocity (Vs) and the solids volume fraction (ϕ) of the solid phase in 
the riser can be derived10-13: 
 
 (4.6)                                   
  (4.7)           
where subscripts upward flow and downward flow refer to measurements by the probes in the 
upward and downward directions, respectively.  Validation of the extraction probe measurements 
have also been carried out to ensure that (i) the radially-averaged (integrated) mass flux is 
consistent at all axial positions (thereby ensuring a mass balance) and (ii) the collection period is 
long enough; further details can be found in Chew et al.14.  An inherent assumption of Equation 
4.7 is that the time-averaged value of solids volume fraction (ϕ) can be cast in terms of the time-
averaged solids flux (Gr) without any dependence on correlations of corresponding fluctuating 
quantities; some simulation studies have shown that this assumption is not strictly upheld in 
some systems7, 15. Accordingly, an independent check of the solids concentration profiles 
determined from the Pitot tube/extraction probe is warranted, as detailed below. 
 
4.2.4.2 Fiber Optic probe 
 The fiber optic probe used in this work consists of two fibers: one fiber is used to transmit 
the light source, while the other is the receiver conduit. Notably, the fibers converge such that the 
sampling volume is reduced, in order to increase precision by reducing unnecessary scattering of 
the light source. The underlying principle of the fiber optic probe is such that a higher voltage 
signal is obtained from the receiving fiber when light emitted from the light-source fiber is 
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blocked, as occurs when the probe is surrounded by a denser (particle-rich) phase. On the other 
hand, a lower voltage signal is obtained when light from the emitter is relatively unobstructed, 
which occurs when the probe tip is in a more dilute (gas-rich) phase. 
 Although numerous investigations have utilized fiber optic probes for obtaining direct 
measurements of solid concentration16, 17, several works have noted the inefficacy of the fiber 
optic probe to give absolute concentration values due to the problematic calibration procedures 
involved18-20. Accordingly, in this work, instead of attempting to calibrate the fiber optic probe 
signals to obtain absolute solid concentration values (since, for example, continual bombardment 
of the probe tip by glass particles may alter the baseline signal with time), a wavelet 
decomposition21 of the raw signal is instead used as an indicator of relative solid concentration 
(i.e., dense phase versus dilute phase), as detailed below. 
 To use the fiber-optic measurements to distinguish between dense and dilute conditions, a 
method known as wavelet decomposition21-24 is implemented here via the wavelet toolbox in 
Matlab25. More specifically, wavelet decomposition provides a means of representing different 
frequencies of the raw voltage signal by repeatedly breaking down the signal into higher-
frequency details (D) and lower-frequency approximations (A), as illustrated in Figure 4.5. At 
the first scale of decomposition (Scale 1), the signal of N Hz (in this work, a data collection 
frequency of 100 Hz was used for large glass preliminarily and a higher 1000 Hz24 was 
subsequently used for large HDPE and small glass) is divided into the first scale of 
approximation (A1) and the first scale of detail (D1), whereby A1 and D1 contains the lower and 
higher frequency ranges, respectively. With the increase of the scale from j to j+1, each 
approximation Aj is subsequently decomposed into approximation Aj+1 and detail Dj+1 signals. 
Figure 4.6 further shows the detail signals at some scales, illustrating the decrease in signal 
! "#!
frequency with the increase of scales. For the interested reader, a thorough explanation of the 
wavelet decomposition technique can be found in Mallat21, 26. 
 
 
Figure 4.5. Decomposition of signal into various scales via wavelet decomposition. 
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Figure 4.6. Raw fiber optic trace (upper left) and corresponding details (Dj) at various scales (j) 
of wavelet decomposition for large HDPE at operating condition of Us = 13.5 m/s, Gs = 260 
kg/m2s and at h/H = 0.93 and r/R = 0.83.  !!
 Based on the signal decomposition described above, it has been deduced that higher 
frequencies containing noise are represented at lower scales (micro-scale), intermediate 
frequencies containing particle information are represented at intermediate scales (meso-scale), 
and lower frequencies containing equipment effects are represented at higher scales (macro-
scale)22, 24. Based on this knowledge of the physical meaning of each scale (micro-, meso-, and 
macro-), the energies present at each scale can be expressed graphically, as depicted in Figure 
4.7. The normalized relative energy of the detail signals at each scale ( ) is calculated as24: 
! ! (4.8)! ! ! !!!!!!!!! !!!!!
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where E is the energy of the signal, N is the total number of data points, J is the final scale of 
decomposition (in this work, the largest scale of decomposition used is 13, since Figure 4.6 
shows that negligible frequency information is present from scale 13 onwards),  j is the scale of 
decomposition, D is a detail signal at a specified scale j, A is an approximation signal at a 
specified scale j, Aj,ave is the average value of the Aj trace, and t is time.  
 
 
Figure 4.7. Normalized wavelet energy distribution for small glass under operating condition of 
Us = 13.5 m/s, Gs = 260 kg/m2s and at h/H = 0.47 and r/R = 0.96. 
 
 Figure 4.7 represents data obtained near the wall (r/R = 0.96) for the small glass system 
with a mass loading of m = 16.0. It is seen that most energy is contained in the meso-scale 
(Scales 5 - 11), which is similar to that shown by Yang and Leu24. The similarity of shapes is 
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expected since both signals are collected at relatively dense flow conditions. Along the same 
vein, normalized wavelet energy distribution plots were generated for a background signal 
(absence of solids) as well as the signal collected at the riser center (presumably dilute) for the 
same small glass system. These results are given in Figure 4.8. In particular, as shown in Figure 
4.8a, a background signal (i.e., in the absence of solids) consists only of noise. All the energies 
of the signal are contained in the lowest scales of an exponentially decreasing function. Figure 
4.8b (identical to Figure 4.7) demonstrates that under relatively dense conditions (near the wall), 
the intermediate scales contain most of the energies of the signal. Finally, under relatively dilute 
conditions, the signal contains both noise and solids information, and therefore the dominant 
energies of the signal are contained in the range of low to intermediate scales, as seen in the left-
skewed Gaussian plot in Figure 4.8c. Hence, wavelet decomposition of the fiber optic signal 
provides a means of identifying dense versus dilute flow conditions via the shape of the 
normalized wavelet energy distribution ( ) as a function of scale. 
 
 
Figure 4.8. Normalized wavelet energy distribution plots for (a) background signal (i.e., absence 
of solids at Us = 13.5 m/s), (b) dense conditions (for small glass under operating condition of Us 
= 13.5 m/s, Gs = 260 kg/m2s and at h/H = 0.47 and r/R = 0.96), and (c) dilute conditions (for 
small glass under operating condition of Us = 13.5 m/s, Gs = 260 kg/m2s and at h/H = 0.47 and 
r/R = 0). 
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4.3 Results and Discussion 
 Solid concentration information, obtained separately with both Pitot tube / extraction probe 
setup as well as the fiber optic probe, are highlighted below, along with the differential pressure 
drop measurements, since the most significant findings are revealed therein. Only the solids 
volume fraction profiles calculated via Equation 4.7 from the Pitot tube and extraction probe 
measurements are given below. Raw measurements obtained from the Pitot tube and extraction 
probe are not included here for the sake of brevity, but are available in Chew et al.14, 27 for the 
interested reader. 
 
4.3.1 Solid volume fraction (ϕ) profiles via Pitot tube and Extraction probe 
 Solid volume fraction plots obtained via the Pitot tube / extraction probe for each of the 
three monodisperse materials investigated are presented in Figure 4.9 through Figure 4.11.  The 
subplots of each figure contain data at each of the Us, Gs pairings given in Table 4.2. The vertical 
axis represents the solid volume fraction (ϕ), while the horizontal axis represents the 
dimensionless radius (r/R) of the riser cross-section, where r and R are the radial position at 
which measurement was taken and riser diameter, respectively. The data points represent average 
values of the two sets of bi-directional (90o apart) radial measurements taken at each axial 
position, and the error bars denote the span of the two values. The various profiles on each 
subplot represent measurements taken at different dimensionless heights (h/H) along the riser, as 
indicated in the legend. Specifically, h is the height along the riser at which measurements are 
taken and H is the total height of the riser. 
 Figure 4.9 shows the ϕ profiles for large glass. A surprising finding for this material is that 
of reverse core-annulus (i.e., a dense core and dilute annulus) profiles at the topmost axial 
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position (h/H = 0.92) across all four operating conditions.  Lower portions of the riser, on the 
other hand, retain the well-known core-annulus (i.e. dilute core and dense annulus) profile.  
Furthermore, regarding the magnitude of this shift, Figure 4.9 illustrates that the U-shaped 
profile obtained at the lowest h/H essentially flips upside down by the highest axial position, and 
thus the minimum and maximum values of ϕ are nearly the same in both cases, but located at 
different radial positions (i.e., the wall at low h/H and the center at high h/H). !
 
Figure 4.9. Radial solid volume fraction (ϕ) profiles of large glass at (a) Us = 13.5 m/s, Gs= 120 
kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs= 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs= 120 kg/m2s, 
m = 5.9, and (d) Us = 17 m/s, Gs= 260 kg/m2s, m = 12.7. !
 Solid volume fraction (ϕ) profiles of large HDPE for all four conditions are shown in 
Figure 4.10. Similar to the large glass system, reverse core-annulus profiles are also observed for 
HDPE at the topmost axial position of h/H = 0.92, but only for the low Gs (namely, 120 kg/m2s) 
conditions (Figure 4.10a and c). Analogous to the large glass system (Figure 4.9), for conditions 
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where reverse core-annulus is observed at the top, the lower portions of the riser still exhibit the 
widely acknowledged core-annulus profile (U-shape). The inversion itself is less dramatic than 
in the large glass case (Figure 4.9), as the maximum ϕ observed for the profiles with the inverted 
U-shape is not as large as the maximum ϕ observed at the wall at the bottom of the riser (Figure 
4.10a and c).  At the higher Gs (namely, 260 kg/m2s) conditions (Figure 4.10b and d), the riser 
retains the traditional core-annulus profile throughout the riser, although the U-shape is flatter 
higher up the riser. 
 
!
Figure 4.10. Radial solid volume fraction (ϕ) profiles of large HDPE at (a) Us = 13.5 m/s, Gs = 
120 kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 120 
kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. !
 The third material investigated is small glass. As shown in Figure 4.11, the solid volume 
fraction (ϕ) profiles generally evolve from a U-shape at the bottom (traditional core-annulus) to 
approximately a flat line higher in the riser. In contrast with the previous cases of the large glass 
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and large HDPE materials (both with dave= 650 µm), the ϕ profiles do not exhibit a deviation 
from the well-known core-annulus profiles. The exaggerated reverse core-annulus (inverted U), 
particularly that observed for the large glass (Figure 4.9), however, has not been reported 
previously in the literature. 
 
 
Figure 4.11. Radial solid volume fraction (ϕ) profiles of small glass at (a) Us = 13.5 m/s, Gs = 
120 kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 120 
kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. !
4.3.2 Dense versus Dilute Flow Conditions via Fiber Optic Probe 
 To provide independent, supporting evidence for the reverse core-annulus phenomenon 
observed via the Pitot tube and extraction probe presented above, a wavelet decomposition of the 
fiber-optic measurements for each material was also carried out. As described below, the reverse 
core-annulus phenomenon is confirmed by the fiber optic data for the locations, materials, and 
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operating conditions indicated previously by the Pitot tube/extraction probe data (Section 
4.2.4.1).  
 Figure 4.12 contains the fiber optic traces collected at riser wall (subplots on left: r/R = 
0.96) and riser center (subplots on right: r/R = 0.0) for the three materials for the upper region of 
the riser where the reverse core-annulus behavior was observed for two of the three materials 
(i.e., large glass beads and HDPE). For the large glass material, comparison of Figure 4.12a and 
b plotted on the same y-axis range reflects that a wider range of voltage and higher voltage 
values were obtained at r/R = 0.0 (Figure 4.12b), which indicates higher solid concentration at 
the center relative to the wall (Figure 4.12a) - i.e., reverse core-annulus. Similarly for large 
HDPE, a wider range of voltage and higher voltage values were obtained at r/R = 0.0 (Figure 
4.12c) compared to at r/R = 0.96 (Figure 4.12d), again providing another layer of evidence for 
the reverse core-annulus phenomenon observed with the Pitot tube/extraction probe. On the other 
hand, for small glass, a wider range of voltage and higher voltage values were obtained at r/R = 
0.96 (Figure 4.12e) than r/R = 0.0 (Figure 4.12f), corroborating the traditional core-annulus 
profile obtained with the Pitot tube/extraction probe. Similar consistency between the fiber-optic 
data and the Pitot tube/extraction probe were obtained for the entire dataset, but omitted here for 
brevity. 
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Figure 4.12. Fiber optic probe voltage traces for large glass beads at Us = 17m/s, Gs = 
260kg/m2s, h/H = 0.92 and at (a) r/R = 0.96 and (b) r/R = 0.0; large HDPE at Us = 17m/s, Gs = 
120kg/m2s, h/H = 0.92 and at (c) r/R = 0.96 and (d) r/R = 0.0; and small glass beads at Us = 
13.5m/s, Gs = 260kg/m2s, h/H = 0.27 and at (e) r/R = 0.96 and (f) r/R = 0.0. 
 
 Keeping in mind the potential challenges involved with calibration of fiber optic voltage 
for absolute concentration values18-20, further analysis of the fiber optic data using wavelet 
decomposition was carried out since it gives information on relative concentration rather than 
absolute values. The wavelet decomposition results again confirm the presence of the reverse 
core-annulus phenomenon observed with the Pitot tube/extraction probe. In particular, the results 
are displayed in Figure 4.13 through Figure 4.15 for the same set of conditions shown in Figure 
4.9 through Figure 4.11 for large glass, large HDPE and small glass, respectively.  Similar to the 
Pitot/extraction data, the large glass and HDPE beads displayed reverse core-annulus and the 
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small glass beads exhibited the traditional core-annulus.  Note that because data acquisition 
frequency was lower for large glass (100Hz, instead of 1000Hz as for large HDPE and small 
glass), as per Figure 4.5, the same signal frequency information will be found in lower scales 
(specifically, three scales lower) for large glass than for the other two materials. 
 For large glass, the near-wall data exhibited in Figure 4.13a through Figure 4.13c display 
exponentially decreasing functions, indicating more dilute conditions near the wall (similar to 
Figure 4.8a), while the data nearer to the riser center (Figure 4.13d through Figure 4.13f) gives 
rise to left-skewed Gaussian plots (similar to Figure 4.8c), indicating denser conditions. Hence, 
the wavelet analysis of the fiber optic trace supports the presence of a reverse core-annulus for 
large glass beads, similar to the Pitot tube/extraction probe conclusion (Figure 4.9d). Similarly, 
Figure 4.14 verifies the reverse core-annulus phenomenon observed for HDPE, consistent with 
the data from the Pitot tube/extraction probe (Figure 4.10a). Finally, Figure 4.15 confirms the 
traditional core-annulus observed for the small glass beads demonstrated in Figure 4.11b via the 
Pitot tube/extraction probe. This wavelet analysis was carried out across all operating conditions 
for each riser position and for each material investigated, and the results are uniformly consistent 
with the reverse and traditional core-annulus trends obtained from the Pitot tube/extraction 
probe, but are not shown for the sake of brevity. Accordingly, the trends reported here are 
verified independently through two separate measurement techniques. 
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Figure 4.13.  Normalized wavelet energy distribution plots of fiber optic data of large glass 
beads under operating condition of Us = 17m/s and Gs = 260kg/m2s, at h/H = 0.92 and r/R = (a) 
0.96, (b) 0.83, (c) 0.67, (d) 0.50, (e) 0.29, and (f) 0.0. !
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Figure 4.14. Normalized wavelet energy distribution plots of fiber optic data of large HDPE at 
operating condition of U s= 13.5m/s and Gs = 120kg/m2s, at h/H = 0.92 and r/R = (a) 0.96, (b) 
0.83, (c) 0.67, (d) 0.50, (e) 0.29, and (f) 0.0. 
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Figure 4.15. Normalized wavelet energy distribution plots of fiber optic data of small glass at 
operating condition of Us = 13.5m/s and Gs = 260kg/m2s, at h/H = 0.47 and r/R = (a) 0.96, (b) 
0.83, (c) 0.67, (d) 0.50, (e) 0.29, and (f) 0.0. !!
4.3.3 Physical Origins of Reverse Core-annulus Flow 
 Collectively, Figure 4.9 through Figure 4.15 indicate the presence of a surprising deviation 
from the well-known core-annulus pattern at the top portion of the riser for two of the three 
materials.  Specifically, the reverse core-annulus phenomenon is associated with the larger-sized 
(650 µm) of the Group B particles examined under these operating conditions. What is the origin 
of this unexpected deviation from the widely-reported core-annulus profile? Two hypotheses 
stemming from existing literature will be considered in the following paragraphs, namely (i) the 
impact of gas-phase turbulence associated with dilute flows (i.e., low 
! 
" , where  is the solid 
volume fraction averaged over the cross-section area), and (ii) a rough-wall effect.  
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 Sinclair and Jackson28 first illustrated the ability of a kinetic-theory-based model to predict 
core-annulus flow, though their model also predicted an unrealistic segregation of particles 
toward the pipe center (reverse core-annulus), which was traced to an undue sensitivity to the 
restitution coefficient (e). This unrealistic sensitivity was later eliminated by the incorporation of 
additional physical mechanisms: gas-phase turbulence in dilute flows (maximum m and  values 
of 4.2 and 0.006, respectively)5, and clustering instabilities in denser flows (minimum m and  
values are 9.5 and 0.04, respectively)29.   For the case of dilute flows (m < 8), both experiments6 
and simulations5, 30 have revealed a mild (realistic) reverse core-annulus trend at dilute 
conditions. Moreover, with regards to the effect of particle size under dilute conditions, it was 
further found that larger particles have a higher tendency towards the reverse core-annulus 
phenomenon5, 6, which is in agreement with experimental results in this work that only the larger 
particles (namely, large glass and large HDPE) exhibit reverse core-annulus.  
 Consequently, the influence of gas-phase turbulence in dilute flow may serve as an 
explanation for the reverse core-annulus phenomenon observed in this work, because the reversal 
is only seen at the top of the riser where  is generally the lowest, as evidenced from the axial 
profiles of  exhibited in Figure 4.16. Nonetheless, it is worthwhile to note that the reverse core-
annulus profiles in previous work were observed for dilute conditions of  < 0.01 (whereas core-
annulus was observed for higher values28, 29); in this work, a reverse core-annulus profile is 
observed up to  = 0.02 (Figure 4.9b and d). Perhaps more importantly, the reversal of the core-
annular effect is more accentuated by that observed in previous work5, 6, specifically in that the 
difference of solid concentration between wall and center was up to a factor of five in this work, 
whereas up to only a two-fold difference was reported before5, 6.Hence, the effect of gas-phase 
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turbulence alone appears inadequate to explain the phenomenon observed, thereby suggesting 
that an additional effect plays a role. 
 
 
Figure 4.16.  profiles obtained via Pitot tube/extraction probe at each operating condition for 
(a) large glass, (b) large HDPE, and (c) small glass. !
 Along these lines, rough walls (increased friction coefficient) have been reported to not 
only enhance the prominence of the reversal of the traditional core-annulus profile in dilute 
flows31, but in denser flow too, the traditional core-annulus profile is flattened7, 32, thereby 
increasing the tendency towards reverse core-annulus. For dilute flows (m = 4), Benyahia et al.31 
found via predictions from a kinetic-theory-based model that increased friction at the walls 
increases the average solid volume fraction ( ) throughout the riser and also increases the 
prominence of the reverse core-annulus profile. With regards to denser flows, it has been 
corroborated experimentally32 that rough walls give lower voidage near the wall and more 
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uniform ϕ profile across the pipe radius, which has been observed via a kinetic-theory-based 
model too7, 33. To explain the effect of surface roughness, Jenkins and Louge34 reported that an 
increased friction coefficient increases energy of the velocity fluctuations as particles are 
scattered in collisions with the wall, causing an increase in granular temperature and thereby a 
decrease in the solids concentration.  All of the above works imply that a rough wall deflects 
more particles toward the riser center, hence causing deviation from the traditional core-annulus 
profile, which may then become flat or even be reversed as the wall becomes increasingly 
roughened. To further build on the physical picture of the impact of rough walls on the lateral 
distribution of particles, a schematic is given in Figure 4.17. In the case of smooth walls, Figure 
4.17a shows that upward flowing particles are more inclined to continue their vertical trajectory 
upwards. On the other hand, as seen in Figure 4.17b, diffuse particle-wall collisions resulting 
from rough walls imply that particles will be deflected away from the wall, hence understandably 
reducing ϕ at the wall and increasing ϕ away from the wall compared to the smooth-wall case. 
Hence, rough walls may serve as an auxiliary explanation of the reverse core-annulus pattern 
observed in this work which occurs at higher solid loading than reported for the dilute flows 
work cited in the previous paragraph. 
!
Figure 4.17. (a) Straight trajectory of particle travelling along smooth wall, and (b) particle 
deflected away from rough wall. 
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 As discussed above, although either turbulence effects in dilute flows or rough walls may 
independently lead to reverse core-annulus, it does not appear that either effect on its own is 
sufficient to produce the accentuated reverse core-annulus profiles as observed in this work, 
especially that observed for large glass in Figure 4.9. First, the reverse core-annulus profiles are 
more exaggerated than those attributed to gas-phase turbulence in dilute flows, possibly because 
higher solid loading is used. Second, the vertical walls in the current setup are quite smooth, 
especially the section of the riser wall where the topmost measurement was taken, since a new 
Plexiglass section was installed at that location; thus, it is not surprising that core-annulus flow is 
observed in most sections of the riser. Accordingly, an alternative explanation for the observed 
reverse core-annulus pattern is given below.  
 On closer inspection, despite the smooth vertical walls, the upper wall of the elbow exit is 
not expected to remain smooth due to erosion by particle bombardment. Figure 4.18 shows 
clearly that the upper, curved portion of the riser exit (located above the top measurement) used 
in this study is very rough due to continual, head-on bombardment by particles. Based on the 
drawing in Figure 4.19b, it is surmised that the reverse core-annulus behavior observed at the top 
of the riser may be due to roughness associated with the rounded elbow exit. While Figure 4.19a 
shows a schematic of an elbow exit with smooth walls, Figure 4.19b shows the same elbow but 
with rough walls, serving to paint a physical picture of what may be causing higher ϕ in the riser 
axis near the riser top. The solid arrows represent the trajectory of the particles flowing upwards 
from the riser into the elbow exit, and the dotted arrows represent the deflected trajectory of the 
particles after hitting the wall of the elbow.  
 For a smooth wall (Figure 4.19a), particle-wall collisions are specular, implying that the 
angles of deflection largely equal the angles of incidence.  In contrast, for a rough wall (Figure 
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4.19b), particle-wall collisions are diffuse, i.e., angles of deflection arising from particle-wall 
collision are much more varied. As illustrated in Figure 4.19, particles are more likely to deflect 
back toward the riser when the wall of the elbow exit is rough, hence causing a region of higher 
ϕ away from the wall near the top of the riser.  
 
 
Figure 4.18. Photograph of the cross-section of the elbow exit (diameter = 0.30 m) of the riser, 
showing the roughness elements on the upper, curved wall.  
 
 
Figure 4.19. Schematic of differences in particle trajectory after collision between (a) smooth 
wall of elbow exit, and (b) rough wall of elbow exit. 
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 A logical ensuing question is why the reverse core-annulus profiles exist for some materials 
or conditions but not others. Recall that the reverse core-annulus phenomenon was observed for 
all conditions for the both bigger and denser material of large glass, only at some conditions for 
HDPE, and was absent for small glass. These differences can be traced to the Stokes number 
(St): 
                                                    (4.11) 
where Vrel is the relative velocity between the solid and gas phases and µg is the viscosity of air. 
In physical terms, St is the ratio of the inertia of the solid particle to the viscous forces in the gas. 
More explicitly, particles with larger St are more likely to follow more diffuse trajectories after 
collision rather than following fluid streamlines, because of greater particle inertia relative to 
fluid viscous forces. Hence, roughened walls are most likely to exert the greatest effect on 
reversing the trajectory of particles with large St. To ascertain the effect of particle St on the 
reverse core-annulus profiles, Table 4.3 lists the St of the various materials, with Vrel 
approximated as the terminal velocity (Vt) of a single particle. Notably, the large glass particles, 
which have the most exaggerated reversal of the core-annulus profiles and which were observed 
for all four conditions, has the largest St (Table 4.3). It has been reported that particles with 
higher St tend to have a more extensive exit effect in terms of increased !P/!h near riser exit35, 
which agrees with this work in that large glass exhibits the highest increase of !P/!h at the riser 
top (Figure 4.20a). For HDPE, the material with the second largest St, reverse core-annulus was 
only observed for two of the four conditions. Lastly, for the smaller glass materials, their smaller 
St indicates that they are more likely to follow fluid streamlines (smaller relaxation time) and 
thus less likely to bounce back into riser after collision with roughness elements. It is also 
worthwhile to note that this relationship between large St and reverse core-annulus serves well to 
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explain why existing literature largely based on the smaller Geldart Group A particles (i.e., lower 
St) largely reports traditional core-annulus profiles. 
 
Table 4.3. Stokes number (St) of the particles. 
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4.3.4 Axial differential pressure (!P/!h)  
 Axial differential pressure (!P/!h) profiles, which reflect solids concentration within the 
riser, of each of the three materials at all four operating conditions are depicted in Figure 4.20. 
The y-axis represents dimensionless height along the riser (h/H), and the x-axis represents !P/!h. 
For the large glass material depicted in Figure 4.20a, an increase in !P/!h is observed at the 
topmost position of the riser; this phenomenon is known as ‘reflux’ and is due to the effect of the 
exit geometry35-38. Interestingly, the higher !P/!h at the top of the riser is more attenuated for the 
lower Us conditions, implying that back-mixing may be more dependent on Us than Gs. It has 
been reported that a sharper riser exit geometry (e.g. L-shaped or T-shaped) increases the solids 
holdup in the top region of the riser due to particle reflux35-39, but not for a more gradual exit 
geometry restriction such as a rounded bend40 consistent with this study. Based solely on the exit 
geometry, the rounded elbow used in this work was not expected to culminate in strong reflux of 
solids at the top of the riser. However, as explained in the previous section (Figure 4.19), in the 
absence of an abrupt exit, the roughened walls of the rounded exit may have the same effect in 
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terms of a stronger reflux for particles with relatively high St. Radial solids concentration 
profiles near a T-shape36 and L-shape41 exit geometry have been reported, but the traditional 
core-annulus profiles prevailed despite those exits being more abrupt that the rounded elbow 
used in this work, presumably due to the lower St of the materials tested.  
 
Figure 4.20. Differential pressure (!P/!h) profiles for (a) large glass, (b) large HDPE, and (c) 
small glass. 
 
 
 Notably, the !P/!h profiles in Figure 4.20 appear consistent with the radially-averaged 
solid volume fraction ( ) profiles obtained with Pitot tube / extraction probe measurements 
(Figure 4.16). Specifically, higher measurements were similarly obtained at high h/H for large 
glass, and higher solid loadings of 12.7 and 16.0 give distinctly higher !P/!h and  in each 
subplot.  
 
 
 
! """!
4.4 Summary 
 Experiments in a pilot-scale circulating fluidized bed (CFB) riser have been carried out for 
three monodisperseGeldart Group B materials of different size and material density:  (i) large 
glass (dave = 650 µm, !s = 2500 kg/m3), (ii) large HDPE (dave = 650 µm, !s = 900 kg/m3), and (iii) 
smaller glass (dave = 170 µm, !s = 2500 kg/m3). Detailed solid volume fraction (ϕ) profiles of the 
three materials are reported, providing a rich dataset towards understanding the impact of size 
and material density on riser flows. 
 Although a core-annulus solids concentration profile (i.e., dilute core and dense annulus) 
has been conventionally presumed, observations in this work using two independent 
measurement techniques indicate instead a reverse core-annulus profile (i.e., a dense core and 
dilute annulus) for some systems. As discussed, although either gas-phase turbulence effects in 
dilute flows or rough walls reported in previous works may independently lead to a slight 
reversal of core-annulus, it does not appear that either effect on its own is sufficient to produce 
the accentuated reverse core-annulus profiles observed in this work, especially that observed for 
large glass beads. To provide a physical picture to explain the exaggerated reverse core-annulus 
profile obtained at the top of the riser, it is hypothesized that roughness elements on the upper 
wall of the rounded elbow leads to a reversal of particles back into the riser center. More 
specifically, particle-wall collisions tend to be specular for smooth walls, but much more diffuse 
for roughened walls. Hence, particles are more likely to deflect back into the riser when the wall 
of the elbow exit is rough, thereby causing a region of higher ϕ away from the wall at the top of 
the riser.  
 In addition, the extent and likelihood of reverse core-annulus profiles can be linked to the 
Stokes number (St) of the material. Specifically, particles with larger St are more likely to follow 
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more diffuse trajectories after collision rather than following fluid streamlines, because of greater 
particle inertia relative to fluid viscous forces. Hence, roughened walls are most likely to exert 
the greatest effect on reversing the trajectory of large-St particles. In particular, the larger glass 
beads have the highest St, and hence exhibit not only reverse core-annulus across all four 
operating conditions, but also the most pronounced reversal of the core-annulus profiles. For 
HDPE, the material with intermediate St, reverse core-annulus was only observed for two of the 
four conditions, namely the low Gs conditions.  Lastly, for the smaller glass beads, their smaller 
St indicates that they are more likely to follow fluid streamlines and thus less likely to maintain 
their reversed trajectory (back into riser) after collision with roughness elements. Accordingly, 
the higher the St of the particle, the higher the tendency towards reverse core-annulus; this 
observation puts forth an important distinction between the larger Geldart Group B and smaller 
Group A particles. 
 Finally, the results of this work are expected to contribute towards model validation, 
especially in terms of the different behavior of Geldart Group A and B particles, incorporation of 
wall roughness and exit effects. To date, the vast majority of experimental efforts have focused 
on Geldart Group A particles. The unexpected reverse core-annulus behavior and its associated 
physical causation reported in this work contribute an interesting caveat towards validating 
models. 
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CHAPTER 5 
MODERATELY DENSE CFB RISER: SPECIES SEGREGATION OF  
TWO BINARY MIXTURES AND A CONTINUOUS SIZE DISTRIBUTIONd 
 
Abstract 
 Experiments involving a gas-solid, pilot-scale circulating fluidized bed (CFB) have been 
carried out, with a focus on species segregation measurements in a riser. Three mixtures were 
considered: (i) a binary mixture with particles of different sizes (dave) but same material density 
(!s), (ii) a binary mixture with particles of different material densities (!s) but same size (dave), 
and (iii) a continuous particle size distribution (PSD). Local measurements of the composition 
(i.e., species segregation) of each mixture were obtained over a range of operating conditions. 
Similar to previous works, the results show that the more massive species (i.e., greater dave or !s) 
preferentially segregates toward the wall in all cases.  Several new trends were also observed. 
First, for the binary mixtures, composition of the more massive species increases with riser 
height at the wall under some operating conditions. The operating conditions that cause this 
phenomenon are mutually exclusive for the size-difference and density-difference systems.  
Second, for the continuous PSD, radial segregation is observed even when there is a net positive 
flux in the annular region, contrary to previous findings which indicated segregation only for 
conditions leading to a net downward flux in the annular region.  Finally, two qualitative 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!$!Chew, Hays, Findlay et al., “Species segregation of binary mixtures and a continuous size distribution 
of Group B particles in riser flow”, submitted, Chemical Engineering Science, 2011.!
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differences between the binary and continuous mixtures were noted: (i) a monotonic decrease in 
species segregation is observed for the binary mixtures with an increase in the solid loading (m), 
while a non-monotonic trend is observed for the continuous PSD, and (ii) while the shape of the 
radial segregation profile is flattest at the riser bottom for the binary mixtures, the flattest radial 
profile is at the riser top for the continuous PSD. 
 
5.1 Introduction 
While Chapter 4 focuses on monodisperse materials, this chapter reverts back to 
polydispersity, specifically with respect to species segregation (de-mixing) characteristics. Also, 
whereas Chapter 2 is regarding species segregation in a bubbling fluidized bed, this chapter 
concerns species segregation in a moderately dense CFB riser.  Because species segregation 
varies along the riser, the gas-solid contact times of each species may vary and hence impact the 
overall efficiency of the unit. Although investigation into species segregation behavior in low-
velocity bubbling fluidized beds has been fairly extensive 1-5, a similar effort for CFBs is lacking.  
 The current work is divided into two categories:  binary mixtures (two species with particle 
size (dave) or material density (!s) differences) and continuous particle size distributions (PSDs). 
The objectives of this experimental work are to (i) isolate the effect of dave and !s on species 
segregation in binary mixtures, (ii) investigate a continuous PSD alongside the binary mixtures 
to better compare their species segregation trends, especially since qualitative differences 
between the two distributions have recently been observed for bubbling fluidized beds6, 7, and 
(iii) evaluate the impact of a wide range of operating conditions on the observed trends at all 
riser positions.  The vast majority of previous efforts have been targeted at only binary mixtures, 
in which the two species have both size and material-density differences. With regards to axial 
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segregation for binary mixtures, both experiments8-13 and simulations12, 14.16 have indicated that 
the more massive species segregates towards the bottom of the riser. As for radial segregation, 
both simulation results15, 17, 18 and experimental data11-13 are more scarce. Nonetheless, despite 
differences in material properties, operating conditions and CFB riser dimensions and 
configurations, the more massive (i.e., higher particle mass) species have been consistently found 
to preferentially segregate to the wall. Compared to their binary-mixture counterparts, 
segregation studies on continuous PSDs are rare11, 19.  The trends observed to date are largely 
consistent with the segregation of the larger (i.e., more massive) species toward the bottom of the 
riser and toward the wall. 
 For the mixture types investigated here, the more massive species preferentially segregates 
toward the wall at all axial locations, as is consistent with previous experimental work11-13, 19 and 
known granular temperature profiles14, 15, 20-24. Comparison among the three systems indicate that 
the greater the mass ratio between the species, the greater the extent of this radial segregation 
observed, which corroborates previous work16, 25.28. With regards to axial segregation, the 
composition of the more massive species generally decreases with riser height at the riser center 
(r/R = 0), consistent with previous findings that exhibited an overall decrease of composition of 
heavier particles with height9, 11, 13. Furthermore, the observed increase in extent of axial species 
segregation with mass ratio is linked to increase in single-particle terminal velocity (Ut) ratios11. 
 In addition to the consistent trends between the current experiments and previous findings, 
several new observations also emerged.  First, with regards to the binary mixtures, a noteworthy 
observation involves the increase in the composition of the more massive species with riser 
height at the wall under some operating conditions. Interestingly, the operating conditions 
associated with this behavior for the size-difference binary mixture are mutually exclusive from 
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those of the density-difference system. Second, with regards to the continuous PSD, while Karri 
and Knowlton19 found that radial segregation only exists when the annulus has a net downward, 
radial segregation is consistently observed in this work regardless of whether the annulus has a 
net upward or downward flux. Lastly, with regards to the differences in segregation behavior 
between binary mixtures and continuous PSD, two interesting observations are noted: (i) an 
increase in solid loading (m) correlates with a monotonic decrease in species segregation (both 
axial and radial) for the binary mixtures, while a non-monotonic trend is observed for the 
continuous PSD, and (ii) while the shape of the radial segregation profile is flatter at the riser 
bottom for the binary mixtures, the opposite trend is observed for the continuous PSD.  
 
5.2 Experimental Description 
5.2.1 Experimental Setup  
 Experiments were conducted in the same circulating fluidized bed (CFB) as in Chapter 4 
(Figure 4.1). 
 
5.2.2 Materials of Interest  
 The materials of interest are two binary mixtures - one with a difference in average particle 
diameter (dave) and the other with a difference in material density (!s) - and a continuous PSD. 
Table 5.1 summarizes the basic parameters of each mixture investigated, with further details 
given below. 
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 The continuous PSD is made up of glass beads with !s = 2500 kg/m3 and dave = 170 µm.  
The width of this distribution (defined as the ratio of standard deviation of mass-weighted PSD 
to the average particle diameter) is "/dave = 25%. These glass beads are used as-is from the 
vendor (Midwest Finishing Systems). A representative sample was collected from the bulk with 
a sample thief and analyzed with sieve trays and a Ro-Tap sieve-shaker. The sample thief 
consists of two 1 m long concentric tubes with a small spacing in between to allow the tubes to 
rotate in opposite azimuthal directions. The inner tube is solid except for one chamber used for 
sample collection. The hollow outer tube has an opening that aligns with the collection chamber 
on the inner tube, and also has a pointed end for insertion into the drum of particles to obtain a 
representative sample. The resulting PSD is shown in Figure 5.1a, where fm is the mass fraction 
of each sieve cut normalized with respect to bin size (for fairer comparison among sieve cuts of 
different widths). 
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Figure 5.1. PSDs of constituent materials: (a) continuous PSD of small glass with !/dave = 25% 
and monodisperse small glass with !/dave = 12%, (b) monodisperse large glass and large HDPE, 
each with !/dave ~ 10%. 
 
 Unlike the continuous PSD, the materials used to obtain the binary mixtures require 
processing before the experiments. As presented in Table 5.1, the binary mixtures are made up of 
various sets of monodisperse particles with different material density ("s) and size (dave), namely 
(i) “large” glass ("s = 2500 kg/m3 and dave = 650 µm), (ii) “large” high-density polyethylene, 
HDPE ("s = 900 kg/m3 and dave = 650 µm), and (iii) “small” glass ("s = 2500 kg/m3 and dave = 
170 µm). Glass beads of both sizes and HDPE were acquired from Midwest Finishing Systems 
and Dyneon LLC, respectively. It is impossible for the “monodisperse” particles to be of 
identical size, so here monodisperse refers to materials obtained with as narrow a distribution of 
sizes as possible. More specifically, the materials procured from vendors were sieved using the 
Sweco industrial sieve, which is a continuous sieving procedure designed to process large 
quantities. Due to the continuous nature of this sieve, the particles are not perfectly separated 
between the various sieve sizes. Accordingly, a representative sample was obtained from each 
drum of sieved material using the sample thief and then further analyzed using a Ro-Tap sieve-
shaker. Figure 5.1 is a plot of mass-based frequency (fm) versus particle diameter. For each 
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monodisperse material, !/dave is approximately 10%. Furthermore, all particles used are 
approximately spherical, as noted in a previous work29. 
 
5.2.3 Measurement Technique  
 To characterize the species segregation in the riser, an extraction probe was used to collect 
particles at various axial and radial positions along the riser. The extraction probe has an inner 
diameter of 0.017 m and is fabricated such that probe tip is oriented 90o to the probe shaft in 
order to measure the flux associated with upward or downward flow when the shaft is inserted 
horizontally. Samples were collected at five approximately equally-spaced axial positions along 
the riser. At each axial location, two sets of 11 radial measurements that are 90o apart in the 
horizontal plane were taken to determine if any asymmetries were present across the riser cross-
section. For composition (species segregation) analysis, different methodologies are used for 
each mixture.  For the size-difference binary mixture, the Sympatec HELIOS PSD analyzer, 
which is based on laser diffraction, was used.  For the density-difference binary mixture, the 
species were separated via immersion in water since glass beads sink while HDPE beads float. 
For the continuous PSD, the Ro-Tap sieve-shaker was utilized. Notably, volume percentage of 
each species can be derived with the methods and is used as a common denominator in 
comparing species segregation for the different mixtures. 
 Using the extraction probe, both the upward and downward mass flux at each local radial 
position (Gr) is measured by orientating the probe tip normal to the flow in the downward and 
upward direction, respectively.  At each location, the extraction probe is used to collect particles 
for 20 – 30 s. The net mass flux across the cross-section of the riser at a given axial position is 
denoted Gs and is calculated as  
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 (5.1)  
where the subscripts upward and downward refer to the flux directions, and Ar is the annular area 
corresponding to that radial position. (For example, for radial position rj, the corresponding 
annular area has an outer and inner radius of (rj+rj+1)/2 and (rj+rj-1)/2, respectively.)  
 To validate the extraction probe measurements, checks were made with regard to the (i) 
reproducibility of mass flux measurements over repeated runs and over various measurement 
durations, and (ii) consistency of the local mass flux integrated across the riser cross-section at 
each axial position, which ensures a mass balance. Reproducibility of the mass flux 
measurements for various measurement durations is illustrated in Figure 5.2a for large glass 
beads at Us = 17 m/s and a target Gs = 200 kg/m2s. At least two repeat measurements of Gr were 
carried out at various measurement durations. The results displayed in Figure 5.2a a indicate that 
the scatter around the targeted Gs is about ±10% regardless of measurement duration. As a 
further validation of the extraction probe, Figure 5.2a b shows Gs measured at all axial positions 
for the large HDPE at Us = 13.5 m/s and Gs = 260 kg/m2s. The y-axis, x-axis and error bars 
represent the dimensionless riser height (h/H; where h is the height along the riser at which 
measurement is taken and H is the total height of the riser), the (radially) integrated mass flux 
(Gs), and the span of the two bi-directional measurements, respectively. Based on mass 
conservation, Gs should be consistent along the riser height, as is displayed in Figure 5.2a b with 
an acceptable tolerance of ±10%. 
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Figure 5.2. (a) Reproducibility of cross-sectional mass flux over repeated measurements and 
various measurement durations for large glass beads at Us = 17 m/s and Gs = 200 kg/m2s. (b) 
Axial variation of cross-sectional mass flux for large HDPE beads at Us = 13.5 m/s and Gs = 260 
kg/m2s. 
 
5.2.4 Operating Conditions  
 Table 5.2 lists the operating conditions investigated for each mixture. The ranges of 
superficial gas velocity (Us) and overall mass flux (Gs) utilized were maximized based on the 
physical constraints of the fluidized material, experimental set-up, and instruments, as detailed 
below. Also listed in Table 5.2 is solid loading (m), which is a dimensionless quantity defined as 
the ratio of solid flux to gas flux, as given in Equation 4.1 (
! 
m = GsUs"g
). Notably, a different set of 
operating conditions was used for the binary mixtures and the continuous PSD, primarily 
because high m leads to slugging associated with the large glass beads (highest single-particle 
terminal velocity, Ut, among the materials) in the binary mixtures. Accordingly, a direct 
comparison between the binary mixtures and the continuous PSD is not possible, and thus 
qualitative differences (if any) between the segregation behaviors of the two distribution types 
are the focus in this work. 
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Table 5.2. Operating conditions for polydisperse materials. !
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 For the binary mixtures, the lower Us limit was set to 13.5 m/s to allow for higher mass 
flux (Gs) to be investigated, while the higher Us limit (17 m/s) was chosen to avoid too much 
pressure on the Plexiglas fronting the rectangular fluidized bed in the recirculation loop (Figure 
4.1). As for Gs, the lower bound (120 kg/m2s) was restricted by the sensitivity of the Pitot tube 
used as part of a corollary investigation 29  at the higher Us limit. On the other hand, the upper Gs 
bound (260 kg/m2s) was restricted at the lower Us limit to deter slugging. Correspondingly, four 
combinations of Us and Gs were examined for the binary mixtures (Table 5.2). 
 For the continuous PSD, the range of m was expanded since slugging was less of an issue 
in the absence of the larger glass beads and the Pitot tube was not used (since the momentum 
measurement by Pitot tube restricts its application to monodisperse materials). Accordingly, the 
lower Gs was set to 50 kg/m2s, which is the upper limit for some industrial gas-solids reaction 
processes (e.g., solid fuel combustion or aluminum calcination) 30. On the other hand, the higher 
Gs was set to 300 kg/m2s, which is the lower limit for some industrial gas-phase reaction 
processes (e.g., fluid catalytic cracking (FCC) or Fischer-Tropsch synthesis) 30. As for Us, the 
lower limit was set to 10 m/s, below which slugging would prevail at the higher Gs. The upper 
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limit was set to a conservative 15 m/s in light of the high pressure generated on the Plexiglas 
fronting the rectangular fluidized bed in the recirculation loop (Figure 4.1). Hence, four 
combinations of Us and Gs were also examined for the continuous PSD (Table 5.2). 
 
5.3 Results and Discussion 
 Local measurements of the PSD were obtained at each set of operating conditions (Table 
5.2) and for each of the three mixtures under consideration (Table 5.1):  size-difference binary 
mixture, density-difference binary mixtures, and continuous PSD.  Figure 5.3 depicts the radial 
segregation profiles of the size-difference binary mixture composed of glass beads with different 
sizes, specifically with a dave ratio of 3.8. The subplots of each figure contain data at each of the 
Us, Gs pairings given in Table 5.2. The vertical axis represents percentage, by volume, of the 
extracted sample that is composed of the larger glass beads, while the horizontal axis represents 
the dimensionless radius (r/R) of the riser cross-section (where r is the radius at which 
measurement is taken and R is the radius of the riser). The data points represent average values 
of the two sets of bi-directional (90o apart) radial measurements taken at each axial position, and 
the error bars denote the span of the two values. Notably, the small error bars serve as 
verification of symmetry within the riser, which is not surprising given the design of the riser 
entrance region (Figure 4.1). The various profiles on each subplot represent measurements taken 
at different heights (h/H) along the riser, as indicated in the legend.  
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Figure 5.3. Radial segregation of a size-difference binary mixture (glass beads with dave ratio of 
3.8) at different axial locations and under operating conditions of (a) Us = 13.5 m/s, Gs = 120 
kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0,  (c) Us = 17 m/s, Gs = 120 
kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. 
 
 Based on the results contained in Figure 5.3, the composition of larger glass beads 
increases monotonically towards the wall. This phenomenon of the more massive (i.e., larger for 
case of size-difference mixture) species segregating preferentially toward the wall agrees with 
previous experimental and theoretical work15, 17-19, 31. The physical explanation for such 
segregation behavior is related to the expected radial granular temperature profiles within the 
riser. In particular, it has been shown via both experiments22, 23 and kinetic-theory-based 
models15, 17, 20, 21, 24 that lower granular temperature regions are found at the wall due to 
augmented dissipation of kinetic energy through (i) particle-wall collisions and (ii) increased 
particle-particle collisions due to the higher solid volume fraction expected in the annular region 
(i.e., core-annulus flow). The more massive species have a tendency to segregate preferentially 
toward the lower temperature region due to thermal diffusion15, as is also found in granular27, 32-
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38 systems. Not surprisingly, a similar influence of the temperature gradient on the species 
segregation in bubbling fluidized beds has also been noted39-41.  
 A second observation is that, generally, the radial species segregation profile is relatively 
flat at the bottom of the riser (h/H = 0.16) and becomes progressively accentuated with riser 
height. Bearing in mind that large glass beads represent 50% by volume of the mixture, it is 
worthwhile to note that the composition of large glass beads is as low as 20% by volume at the 
riser center (r/R = 0), and increases to 60% by volume at the wall (r/R = 1). Conversely, the 
composition of the small glass beads is 80% and 40% at the riser center and wall, respectively. 
Hence, the ratio of the volume percentage at r/R = 1 to r/R = 0 for the large glass beads is 3, 
while the ratio of the volume percentage at r/R = 0 to r/R = 1 for the small glass beads is only 2, 
which indicates that the larger (more massive) species exhibits a higher extent of segregation 
radially. 
 Similar radial species segregation profiles are portrayed in Figure 5.4 for the density-
difference binary mixture composed of large glass beads and HDPE of the same dave but different 
!s, specifically with a !s ratio of 2.8. In this system, the more massive (i.e., higher !s for case of 
different-density systems) glass preferentially segregates to the wall at all axial positions and 
under all four operating conditions (though measurements closest to the wall show some 
variation). Compared to the size-difference system of Figure 5.3, the radial segregation profiles 
for the density-difference system (Figure 5.4) are significantly flatter (note the reduced range of 
the y-axis in Figure 5.4). For a fairer comparison between the two binary mixtures, the mass 
ratios between the species are calculated to be 55.9 for the size-difference binary mixture and 2.8 
for the density-difference binary mixtures. Accordingly, a physical explanation for the 
accentuated (radial) species segregation for the size-difference system lies in the greater mass 
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ratio of the two species. Previous work corroborates with this results herein in that a greater mass 
ratio culminates in more pronounced species segregation for both gas-solid 16, 25 and granular 26-
28 systems. Another observation with similarity to the size-difference case (Figure 5.3) is that 
species segregation profiles become progressively flatter lower in the riser.  
 
  
Figure 5.4. Radial segregation of a density-difference binary mixture (glass beads and HDPE 
with !s ratio of 2.8) at different axial locations and under operating conditions of (a) Us = 13.5 
m/s, Gs = 120 kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0,  (c) Us = 17 m/s, Gs 
= 120 kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. !!
 For a more straightforward comparison with the binary systems, the continuous PSD was 
analyzed in terms of two “species”. Namely, particles making up the larger and smaller 50% by 
mass (or volume) of the initial PSD (Figure 5.1) are considered as the larger (dave = 188 µm for 
the larger half of the mass distribution) and smaller (dave = 150 µm for the smaller half of the 
mass distribution) species, respectively.  Hence the dave ratio of the two species is 1.3. 
Accordingly, similar to Figure 5.3 and Figure 5.4, Figure 5.5 displays the radial profile of species 
segregation for the larger species making up the continuous PSD of glass beads. Consistent with 
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the binary systems, it is observed that the more massive (larger) species preferentially segregate 
to the wall (r/R = 1), which agrees with previous work 19. Although Karri and Knowlton 19 also 
reported the segregation of larger particles toward the wall when investigating a continuous PSD, 
the presence of radial segregation was only observed for conditions in which the net annular flux 
was downward, whereas negligible segregation was observed at operating conditions in which 
the net annular flux was upward.  In contrast, radial segregation is observed here for all 
conditions, including those with a net upward annular flux.  In particular, although the net 
annular flux is downward only at h/H < 0.47 for all operating conditions other than at Us = 15 
m/s and Gs = 50 kg/m2s (Figure 5.5c), radial segregation of the larger species to the wall persists. 
As a possible explanation for the apparent discrepancy, consider first that an annular region with 
a net upward flux has nonzero values of both upward and downward flux, though the former is 
greater in magnitude than the latter.  Also, as reported in previous work 11, 13, the PSD obtained 
for upward flux (probe tip pointing upward) at the wall consists of smaller particles than that for 
corresponding downward flux (downward-pointing probe), as shown in Figure 5.6. 
Consequently, if the net upward flux annulus conditions that Karri and Knowlton19 operated 
were such that the ratio of upward flux to downward flux is relatively high, then the overall 
annular PSD may be shifted leftwards, and hence radial segregation effects may not significant.  
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Figure 5.5. Radial segregation of continuous PSD small glass at different axial locations and 
under operating conditions of (a) Us = 10 m/s, Gs = 50 kg/m2s, m = 4.2, (b) Us = 10 m/s, Gs = 300 
kg/m2s, m = 25.0, (c) Us = 15 m/s, Gs = 50 kg/m2s, m = 2.8, and (d) Us = 15 m/s, Gs = 300 
kg/m2s, m = 16.7. 
 
! 
Figure 5.6. PSD of upward flow versus downward flow at wall for continuous PSD of small 
glass under operating condition of Us = 10 m/s, Gs = 50 kg/m2s, m = 4.2, and h/H = 0.27. !
 Furthermore, two other observations are noteworthy when comparing the radial segregation 
patterns for the continuous PSDs to those of the binary mixtures.  First, the continuous PSD has a 
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mass ratio of 2.0, which is lower than either of the binary mixtures.  Thus, it is not surprising that 
the segregation profiles (Figure 5.5) are flatter than the two binary mixtures (Figure 5.3 and 
Figure 5.4). However, contrary to the binary systems in which the bottom-most position 
(h/H=0.16) exhibited the flattest radial profile, the flattest radial profile occurs at the top-most 
position (h/H=0.92) for this continuous PSD system. Such qualitative differences between 
binary-sized mixtures and continuous PSDs have not been previously documented. 
 Collectively, Figure 5.7 through Figure 5.9 depict the extent of axial segregation of the 
three mixtures investigated. Analogous to the radial segregation plots (Figure 5.3 through Figure 
5.5), the subplots of each figure contain data at each of the Us, Gs pairings given in Table 5.2. 
The vertical axis represents dimensionless height (h/H) along the riser, while the horizontal axis 
represents percentage by volume of the more massive species. The data points represent average 
values of the two sets of bi-directional (90o apart) radial measurements taken at each axial 
position, and the error bars denote the span of the two values. The various profiles on each 
subplot represent measurements taken at different dimensionless radius (r/R) across the riser, as 
indicated in the legend. In these figures, the more vertical the plotted lines are, the lesser the 
extent of axial segregation. 
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Figure 5.7. Axial segregation of a size-difference binary mixture (glass beads with dave ratio of 
3.8) at different radial positions and under operating conditions of (a) Us = 13.5 m/s, Gs = 120 
kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0,  (c) Us = 17 m/s, Gs = 120 
kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. 
 
 
  
Figure 5.8. Axial segregation of a density-difference binary mixture (glass beads and HDPE 
with density ratio of 2.8) at different radial locations and under operating conditions of (a) Us = 
13.5 m/s, Gs = 120 kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0,  (c) Us = 17 
m/s, Gs = 120 kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. 
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Figure 5.9. Axial segregation of continuous PSD of small glass at different radial locations and 
under operating condition of (a) Us = 10 m/s, Gs = 50 kg/m2s, m = 4.2, (b) Us = 10 m/s, Gs = 300 
kg/m2s, m = 25.0, (c) Us = 15 m/s, Gs = 50 kg/m2s, m = 2.8, and (d) Us = 15 m/s, Gs = 300 
kg/m2s, m = 16.7. 
 
 
 In Figure 5.7, plots for the size-difference binary mixture are presented. Generally, the 
composition of the larger species decreases with riser height at the riser center (r/R = 0), 
consistent with previous findings that indicated an overall decrease of composition of coarser 
species with height9, 11, 13. However, except at the lowest m condition (Figure 5.7c), the 
composition of the larger species surprisingly increases with height at the wall (r/R = 1) to above 
50 volume % (which is the initial mixture composition). The physical explanation for the 
different axial segregation trends at r/R = 0 and 1 is unclear given the combined role of drag, 
granular temperature gradient, and gas-phase turbulence in the vertical direction, though future 
modeling studies are expected to aid in this regard. Finally, the most contoured plots are 
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observed for the lowest solid loading condition (Figure 5.7c), which agrees with previous work 9, 
11, 42 in that axial segregation increases (more contoured plots) as m decreases. 
 The axial species segregation profiles for the density-difference binary mixture are 
illustrated in Figure 5.8. Consistent with Figure 5.7, the greatest axial variation is found for the 
lowest m condition (Figure 5.8c). Similar to radial segregation, noting that the x-axis scale in 
Figure 5.8 is approximately half that in Figure 5.7, less axial segregation (more vertical plots) is 
observed for the density-difference system than for that of size-difference. Analogous to the 
hypothesis that increased radial segregation can be traced to an increased mass ratio of the 
species, Hirschberg and Werther 11 proposed that increased single-particle-terminal-velocity (Ut) 
ratio of the species leads to increased axial segregation. Namely, the greater the difference in Ut 
of the species, the greater the difference in the driving force for elutriation (namely, Us-Ut) of 
each species is expected, and hence the greater the extent of axial segregation. Notably, the size-
difference and density-difference binary mixture have Ut-ratios of 4.1 and 1.9, respectively, 
which is consistent with the lesser axial segregation observed in the latter system (Figure 5.8). 
Another interesting observation is that, in sharp contrast to the size-difference binary mixture, 
the composition of the more massive species surprisingly increases with height at the wall (r/R = 
1) only at the lowest m condition (instead of except at the lowest m condition for the size-
difference binary mixture). The physical explanation for the difference on the impact of m on 
axial segregation at the wall (r/R = 1) for the two binary mixtures remains elusive until future 
modeling efforts shed more light in this regard. 
 Finally, Figure 5.9 shows the axial species segregation profiles for the continuous PSD. 
Generally, less axial species segregation is observed for the continuous PSD than for any of the 
binary mixture (Figure 5.7 and Figure 5.8), which is consistent with the Ut-based hypothesis 
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presented earlier that the extent of axial species segregation decreases with a decrease in Ut-ratio 
of the species. Hence, the continuous PSD is expected to have the least axial species segregation 
due to its lowest Ut ratio of 1.4. On a separate note, although Karri and Knowlton 19 noted 
negligible axial species segregation in the core (r/R = 0), the lower Us conditions in this work 
display axial species segregation at r/R = 0 (Figure 5.9a and b), with the discrepancy presumably 
arising from differences in operating conditions. Specifically, Karri and Knowlton 19 
implemented a lower Us (5.9 m/s) than in this work. Interestingly, axial species segregation 
behavior for the continuous PSD deviates from the binary mixtures on two counts. First, the most 
extensive axial species segregation (i.e., most contoured plots, especially at r/R = 0.94) is 
observed for the operating condition of Us = 10m/s and Gs = 50 kg/m2s (Figure 5.9a), which 
notably is not the condition with the lowest m. Accordingly, in contrast to the binary mixtures in 
which the extent of axial segregation decreases monotonically with an increase in m, a non-
monotonic behavior is noted for the continuous PSD.  Also, another difference with the binary 
mixtures is that the volume % of the larger species does not increase with height under any 
operating condition for the continuous PSD.  
 
5.4 Summary 
 A detailed experimental investigation on species segregation of Geldart Group B particles 
has been carried out in a pilot-scale CFB.  Three mixtures were investigated:  (i) a binary mixture 
with particles of different size but equal material density, (ii) a binary mixture with particles of 
different density but equal size, and (iii) a continuous size distribution of particles with equal 
density. 
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 In several respects, the results observed here mimicked those previously reported.  First, for 
all three systems and consistent with previous experimental work 11-13, 19, the more massive 
species preferentially segregates to the wall at all axial locations. This radial segregation 
behavior can be explained in terms of thermal diffusion, which drives the more massive species 
toward the lower granular temperature at the wall, as has been indicated from both experimental 
22, 23 and modeling 15, 17, 20, 21, 24 results.  Comparison among the three mixture types indicate that 
the greater the mass ratio between the species, the greater the extent of radial segregation 
observed. Hence, the highest segregation extent is for the size-difference binary mixture 
followed by the density-difference binary mixture and finally the continuous PSD, with mass 
ratios are 55.9, 2.8 and 2.0, respectively. Again, previous work in both gas-solid16, 25 and 
granular26-28 systems corroborates these trends.  Second, with regards to axial segregation, the 
composition of the more massive species decreases with riser height at the riser center (r/R = 0), 
which is consistent with previous findings9, 11, 13. For axial segregation, the ratio of single-particle 
terminal velocity (Ut) is expected to dominate the extent of segregation11.  Consistent with this 
explanation, the most extensive axial segregation is observed here for size-difference binary 
mixture.  
 Beyond the consistencies with previous experimental trends, several new observations 
emerged from the current effort.  First, for the binary mixtures, although the composition of the 
more massive species expectedly always decreases with height at r/R = 0 (core), an increase of 
the more massive species with height at r/R = 1 (annulus) is observed at some operating 
conditions. Interestingly, the operating conditions for which this behavior occurs are mutually 
exclusive for the size-difference and density-difference binary mixtures. Furthermore, the 
increase of the more massive species with height at the wall exists only for the binary mixtures 
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and not for the continuous PSD, which was investigated under a wider range of m. The physical 
explanation for both the increase of massive species with height, and the different impact of 
operating conditions for the size-difference and density-difference binary mixtures is unclear at 
this point, but future modeling work on the effects of drag and granular temperature is expected 
to shed some light in this regard. 
 For the continuous PSD, two interesting findings emerged. First, while Karri and Knowlton 
19 found radial species segregation only for systems with a net downward annular flux, radial 
segregation is observed here regardless of the net direction of the annular flux.  Second, while 
Karri and Knowlton 19 observed negligible axial species segregation at r/R = 0, axial segregation 
is observed at r/R = 0 for the lower Us conditions examined in this work. One explanation for the 
discrepancy on the former is the different ratios of upward and downward fluxes at the annulus. 
On the other hand, the discrepancy for latter is presumably due to the higher Us implemented in 
this work, but further work is needed in this regard for a more through understanding. 
 Finally, with regards to the qualitative differences in species segregation between binary 
mixtures and continuous PSD, several interesting observations are noted. First, whereas a 
monotonic increase in species segregation (both axial and radial) for the binary mixtures occurs 
with an increase in m, a non-monotonic trend is observed for the continuous PSD. Specifically, 
the greatest extent of species segregation is observed for the operating condition with the lowest 
m for both binary mixtures, whereas the greatest extent of segregation was found at an 
intermediate m condition for the continuous PSD.  Second, while the shape of the radial 
segregation profile is flatter at the riser bottom for the binary mixtures, the opposite trend is 
observed for the continuous PSD. Third, while the composition of the more massive species 
increases with height at the wall (r/R = 1) under some operating conditions for the binary 
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mixtures, the composition of the more massive species always decreases with height for the 
continuous PSD. 
 Collectively, the new species segregation trends reported here provide further insights into 
the high-velocity fluidization behavior of both binary mixtures and continuous size distributions. 
Perhaps more importantly, these results also reveal key qualitative differences between the 
segregation patterns in binary mixtures and continuous PSDs, as have previously been 
documented in bubbling fluidized beds (43-45 and Chapter 26).  Such data is expected to be of 
value in the continued development and validation of polydisperse kinetic-theory-based models 
(for recent example, see Garzó et al. 46, 47; for recent review, see Hrenya 48). Conversely, such 
continuum models are expected to provide physical insight into the new segregation trends 
reported here. 
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CHAPTER 6 
MODERATELY DENSE CFB RISER: MASS FLUX PROFILES OF 
MONODISPERSE AND POLYDISPERSE MATERIALSe 
 
Abstract 
 Experiments targeted at understanding local mass flux behavior of Geldart Group B 
materials in the riser of a gas-solids circulating fluidized bed (CFB) have been carried out. Three 
monodisperse materials (with differences in particle size, dave, and/or material density, !s), two 
binary mixtures - one with only a dave difference between the species (size-difference binary) and 
one with only a !s difference (density-difference binary), and one continuous particle size 
distribution (PSD) have been investigated under four operating conditions. Results show that 
riser axial position has the greatest influence on mass flux behavior, especially near the riser top, 
where profile shapes are consistently an inverted U or V. Material type (i.e., monodisperse 
materials of different dave and/or !s, or different types of polydispersity) and operating conditions 
effects are secondary, and such effects are most apparent at the riser bottom. An interesting 
observation involving binary mixtures is that, while the density-difference binary mixture 
mimics one of the constituent components, the size-difference binary mimics neither component. 
 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%!Chew, Hays, Findlay et al., “Impact of material property and operating conditions on mass flux profiles 
of monodisperse and polydisperse Group B particles in the riser”, submitted, Powder Technolohy, 2011.!
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6.1 Introduction 
In addition to the solids concentration (Chapter 4) and species segregation (Chapter 5) 
characteristics, understanding of other local behaviors is warranted for a complete picture of the 
fluidization behavior, which will aid in model validation and the design of future CFB units. 
Accordingly, the focus of this chapter (Chapter 6) is on the local mass flux behavior, and local 
cluster behaviors will be presented in Chapters 7 and 8. Specifically, the objective here is to 
illustrate the impact of various factors, namely the local position in the riser, operating 
conditions, and particle materials (both monodisperse and polydisperse), on the mass flux values. 
Most work on local mass flux has unsurprisingly focused on fluid cracking catalyst (FCC)1-13, 
which is a Geldart Group A material. However, Group A and B materials are well-known to 
fluidize differently14.  As further evidence of the different physics at play in the two groups, 
Chapter 415  presented a surprising reversal of the widely acknowledged core-annulus (dense 
core and dilute annulus) profiles for Group B materials which was traced to the higher Stokes 
number of Group B particles.  Hence, a need exists to determine the hydrodynamic behavior of 
Group B particles rather than to extrapolate the behavior of their Group A counterparts. 
 As indicated in a review16, contradictory mass flux trends are present in the literature are 
due to non-exhaustive datasets, which provide only a limited view of the riser (i.e., comparisons 
are made at only two riser axial positions and/or under only a couple of operating conditions). 
Radial mass flux profiles have been previously reported as an inverted U-shape or inverted V-
shape1, 3, 4, 6, 8, 17-23, but some work also showed flat or upright U-shape profiles11, 19, 20, 22, 24. 
Moreover, radial mass flux profiles have been shown to flatten with an increase in riser height3, 6, 
11, 19, 20, 22 or a decrease in solid loading (m, which is the ratio of mass flux to gas flux)6, 11, 17, 20, 25, 
but some other work indicate the opposite trends in that mass flux profiles flatten as riser height 
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decreases22 or m increases13. In view of such contradictory trends, it seems that mass flux trends 
reported at certain heights and/or operating conditions may not apply to other riser heights or 
under other operating conditions. With regards to the effect of material type, Mastellone and 
Arena12 investigated the effect of particle size (one Group A, one Group B) and material density 
(two Group A) and indicated larger or less dense particles give flatter profiles, while smaller or 
more dense particles give lower wall flux. However, because data was collected at two riser 
heights, it is not certain if the trends attributed to material type hold at other axial positions or 
operating conditions. Furthermore, with regards to the concept of ‘similar-profiles’2, 9, it was 
shown at one axial position that normalized mass flux profiles (local solids flux divided by riser 
cross-sectional solids flux) become insensitive to changes in overall mass flux (Gs) above a 
certain Gs. Keeping in mind the contradictory trends at different heights, it may not be possible 
to extrapolate ‘similar profiles’ for other riser heights. Apparently, the lack of an exhaustive 
dataset inhibits predictive understanding of the impact of various factors on local mass flux 
behavior in the riser, and hence a more comprehensive dataset characterizing the entire riser, and 
encompassing a wide range of operating conditions and different material types is worthwhile.  
 Notably, pertaining to polydispersity (i.e., presence of a range of particle sizes and/or 
material density), although polydispersity is ubiquitous in solids processing, a predictive 
understanding of the effects of polydispersity remains elusive 26-29. In the previous experimental 
studies that report radial mass flux profiles, none include an assessment of the impact of a binary 
mixture or continuous particle size distribution (PSD) on the mass flux. Because polydisperse 
systems exhibit different behavior from monodisperse systems (e.g. species segregation16, 26, 27, 29-
37, clusters38) and since different behaviors have been reported among various categories of 
polydispersity (i.e., binary mixtures and continuous PSDs)39-44, investigation into the impact of 
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the two categories of polydispersity (i.e., binary mixture and continuous PSD) on mass flux 
profiles is needed.  
 Hence, to bridge the gap in the current knowledge base, this experimental effort is aimed at 
collecting local mass flux measurements spanning the entire riser for various materials and 
various operating conditions. Specifically, the focus is on illustrating the impact of local position 
(radial and axial), operating conditions, and material type (i.e., various monodisperse and 
polydisperse materials) on mass flux behavior. With regards to material type, six materials are 
investigated: (i) three monodipserse materials differing in dave and/or !s, (ii) two binary mixtures, 
namely one with only a dave difference between the species (i.e., size-difference binary) and one 
with only a !s difference (i.e., density-difference binary), and (iii) a continuous PSD of particles 
with the same !s.  
 Results show that axial position within the riser exerts the largest influence on the radial 
profiles of mass flux, especially near the riser top. Profile shapes are consistently inverted U- or 
V-shape at the topmost axial position, regardless of operating condition or material type (i.e., 
monodisperse materials of different dave and/or !s, or different types of polydispersity). Material 
type and operating condition effects are secondary, and such effects are most apparent at the riser 
bottom. An interesting observation involving binary mixtures is that, while the density-difference 
binary mixture mimics one of the constituent components, the size-difference binary mimics 
neither component. 
 
6.2 Experimental Description 
6.2.1 Experimental Set-Up  
 A schematic of the circulating fluidized bed (CFB) is shown in Figure 4.1.  
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6.2.2 Materials Investigated 
 Table 4.1 and Table 5.1 list the relevant parameters of the monodisperse and polydisperse 
materials, respectively. The particle size distributions (PSDs) are depicted in Figure 5.1, and 
photographs of the approximately spherical particles are shown in Figure 4.3. 
 
6.2.3 Operating conditions 
The operating conditions implemented are tabulated in Table 4.2 and Table 5.2 for the 
monodisperse and polydisperse materials, respectively. Notably, the same set of four operating 
conditions were investigated for the monodisperse materials and binary mixtures, whereas a 
different set of four operating conditions were employed for the continuous PSD, due to 
constraints as explained in Section 5.2.4. 
 
6.2.4 Measurement Technique 
To characterize the local mass flux behavior in the riser, an extraction probe was used to 
collect particles at various axial and radial positions of the riser. The extraction probe has an 
inner diameter of 0.017 m and is fabricated (at PSRI) such that probe tip is oriented 90o to the 
probe shaft in order to measure the flux associated with upward or downward flow when the 
shaft is inserted horizontally into the riser. Samples were collected at five approximately equally-
spaced axial positions along the riser. At each axial location, two sets of 11 radial measurements 
that are azimuthally 90o apart in the horizontal plane were taken to detect any asymmetries 
across the riser cross-section. It is worth noting that the extraction probe was operated non-
isokinetically8, 17, 22, 45, 46, after checks were made to ensure that the measurements were not 
dependent on suction velocity. The successful implementation of non-isokinetic operation on 
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Group B particles is expected, since the associated higher Stokes number implies that the 
particles are less adept at following gas streamlines. 
Using the extraction probe, both the upward and downward mass flux at each radial 
position (Gr) is measured by orientating the probe tip normal to the flow in the downward and 
upward direction, respectively.  At each location, the extraction probe is used to collect particles 
for 20 – 30 s. The net mass flux integrated across the cross-section of the riser at a given axial 
position is denoted Gs (which is set to agree with the imposed overall mass flux as listed in Table 
4.2 and Table 5.2) and is calculated as per Equation 5.1 ( ).!
To express a representative mass flux at each local position, a net mass flux normalized with 
respect to Gs is defined as Gr,net,norm:!
   (6.1)                     
where the Gr is the local flux at radial position r, subscripts upward and downward refer to the 
flux directions, and Gs is the net mass flux integrated across the riser cross-section. The reasons 
for this normalization are threefold. Because of the experimental variations of approximately 
±10% in Gs, this normalization is performed to present fairer comparisons between the different 
(i) axial locations, (ii) materials (Table 4.1 and Table 5.1) and (iii) operating conditions (Table 
4.2 and Table 5.2). Extraction probe measurements validations are explained in Section 5.2.3 and 
illustrated in Figure 5.2.  
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6.3 Results and Discussion 
Before examining the results in detail, the matrices of subplots contained in Figure 6.1 – 
6.5 for presentation of mass flux profiles warrants explanation. Specifically, each matrix in each 
figure is structured to provide a straightforward comparison among measurements at different 
riser positions, for different materials, and under different operating conditions. Each figure 
contains 20 subplots: the y-axes represent local mass flux normalized with respect to integrated 
flux at axial position (Gr,net,norm, as defined in Equation 6.1), and the x-axes represent 
dimensionless radius (r/R, where r is the radial position at which measurement was taken and R 
is the riser radius) of the riser. Notably, the same ranges of y-axes and x-axes are used for within 
each figure for a straightforward comparison among the subplots. Each of the four columns in 
the matrix contains radial profiles of mass flux for a given set of operating conditions (as 
indicated at the top of each column). The vertical position of a subplot within a column depicts 
the axial position of measurements (denoted as h/H on the right-hand-side of each row, where h 
is the height at which measurement was taken and H is the total riser height): the bottom-most 
row depicts profiles at the lowest axial position (h/H = 0.16), with higher rows representing 
higher h/H, correspondingly the top-most row depicts profiles for the highest axial position of 
h/H = 0.92. Within a given subplot, each profile represents a different material, as indicated by 
the legend. 
 As per the matrix of figures described above, Figure 6.1 displays the radial mass flux 
(Gr,net,norm) profiles of the three monodisperse materials investigated (Table 4.1).!Comparing the 
impact of axial position, type of monodisperse material, and operating conditions on the radial 
Gr,net,norm profiles, Figure 6.1 indicates that axial position has the greatest influence on the shape 
of the profiles. In particular, at the riser top (h/H = 0.92), radial Gr,net,norm profiles are inverted V-
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shape for all materials and operating conditions. Notably, the dominant influence of axial 
position relative to other effects is similar to that of cluster profile trends38, 47, although the 
cluster profiles are similar at the bottom-most axial position (h/H = 0.16) 38, 47 whereas the mass 
flux profiles here (Figure 6.1) are similar at the top-most position (h/H = 0.92). Interestingly, 
near the riser top (h/H = 0.92), despite the reverse core-annulus reported for the larger materials 
only15, the mass flux profiles retain the same shape for all materials, and thus solids velocity 
appears to have a greater influence on mass flux than solids concentration (since mass flux is a 
function of both solids concentration and velocity).  
 
 
Figure 6.1. Radial Gr,net,norm profiles for all three monodisperse materials investigated at different 
axial positions under operating conditions of (a) Us = 13.5 m/s, Gs = 120 kg/m2s, m = 7.4, (b) Us 
= 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 120 kg/m2s, m = 5.9, and (d) Us = 
17 m/s, Gs = 260 kg/m2s, m = 12.7. 
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When differences in the radial Gr,net,norm profiles do exist among materials, Figure 6.1 
reveals that these variations are most apparent (i) near the wall (r/R = 1) at low riser heights (h/H 
= 0.16) and (ii) near the center (r/R = 0) at high riser positions (h/H = 0.92). Interestingly, 
variations in cluster profiles are similarly at (i) and (ii)47. In addition, only the larger materials 
(large glass and large HDPE) exhibit flat profiles at intermediate heights (h/H = 0.27 - 0.47) of 
the riser for all conditions, while the small-glass profiles do not flatten except at the lowest m 
condition (Figure 6.1c).  With reference to previous work, Mastellone and Arena12 reported at 
h/H = 0.4 that larger particles give flatter profiles, and smaller particles give lower wall flux. 
Comparatively, while Figure 6.1 shows profiles for larger particles (large glass and large HDPE) 
to be generally flatter at all axial positions, small glass has lower wall flux only for h/H ! 0.47; 
hence, because trends vary axially, a more complete picture of Gr,net,norm profiles throughout the 
riser is necessary. 
As for the impact of operating conditions on the radial Gr,net,norm profiles, changes in 
operating conditions affect the various monodisperse materials differently. Interestingly, the 
greatest impact of operating conditions is observed at different heights for each of the 
monodisperse materials, with the most variations occurring at h/H = 0.16, 0.27, and 0.92 for 
large glass, small glass, and large HDPE, respectively. Furthermore, Gs plays a role in variations 
of profiles at h/H = 0.16: the larger materials (large glass and large HDPE) are similar under low 
Gs conditions, but the denser materials (large glass and small glass) are similar under high Gs 
conditions.  
To illustrate the impact of polydispersity on mass flux behavior, depicted in Figure 6.2 is 
the comparison of the mass flux (Gr,net,norm) profiles between the density-difference binary 
mixture and its constituent materials (monodisperse large glass and monodisperse large HDPE). 
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Similar to the monodisperse materials (Figure 6.1), as riser height increases, radial Gr,net,norm 
profile shapes for the density-difference binary mixture evolve from flat at mid-height (h/H = 
0.27) to inverted V-shape at the topmost axial position (h/H = 0.92), implying axial position also 
has a significant influence even in the presence of polydispersity. Where a distinct variation 
between materials is observed, the density-difference binary mixture mimics large glass more 
than large HDPE, examples of which are near the wall at the riser bottom (h/H = 0.16) or near 
the center at the riser top (h/H = 0.92). 
 
 
Figure 6.2. Radial Gr,net,norm profiles of density-difference binary mixture and constituent 
materials investigated at different axial positions under operating conditions of (a) Us = 13.5 m/s, 
Gs = 120 kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 
120 kg/m2s, m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. !!
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Analogous to Figure 6.2, Figure 6.3 compares the size-difference binary mixture to its 
constituent components (in this case, large glass and small glass). Similar to the trends for the 
monodisperse materials in Figure 6.1, the size-difference binary mixture exhibit the following 
characteristics: (i) Gr,net,norm profile become inverted V-shape at the riser top (h/H = 0.92), and 
(ii) more material difference is observed at the riser wall (r/R = 1) at lower axial positions (h/H = 
0.16), but more material difference at the riser center (r/R = 0) as riser height increases (h/H = 
0.92). Notably, in contrast to the density-difference binary mixture, the size-difference binary 
mixture mimics neither constituent material strictly. !
 
Figure 6.3. Radial Gr,net,norm profiles of size-difference binary mixture and constituent materials 
investigated at different axial positions under operating conditions of (a) Us = 13.5 m/s, Gs = 120 
kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 120 kg/m2s, 
m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. !!
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In Figure 6.4, the two binary mixtures, which have a common constituent component (large 
glass), are directly compared. Notably, the radial profiles of Gr,net,norm of the two binary mixtures 
are very similar at h/H = 0.92, which could suggest a more dominant influence of large glass (the 
common constituent material) relative to the other component at the top-most axial position. 
Interestingly, the profiles are generally more similar at the higher Us conditions (Figure 6.4c and 
d). Where material effects are apparent particularly for the lower Us conditions (Figure 6.4a and 
b), the binary mixtures are different at the wall (r/R = 1) at lower axial positions (h/H ! 0.27), 
and different at the center (r/R = 0) at intermediate heights (h/H = 0.47).  !
 
Figure 6.4. Radial Gr,net,norm profiles for size-difference and density-difference binary mixtures 
investigated at different axial positions under operating conditions of (a) Us = 13.5 m/s, Gs = 120 
kg/m2s, m = 7.4, (b) Us = 13.5 m/s, Gs = 260 kg/m2s, m = 16.0, (c) Us = 17 m/s, Gs = 120 kg/m2s, 
m = 5.9, and (d) Us = 17 m/s, Gs = 260 kg/m2s, m = 12.7. 
 !
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It was initially presumed that species segregation44 behavior would have some influence on 
or would be explicit in the mass flux profiles. In particular, previous species segregation results44 
on the same materials at the same operating conditions in the same riser showed that (i) the more 
massive (higher dave or !s) species preferentially segregate to the wall, (ii) more extensive radial 
and axial species segregation was previously reported for the size-difference binary mixture as 
compared to the density-difference binary mixture, and (iii) least difference between species 
segregation behavior between the two binary mixtures was observed at the lower-most axial 
position (h/H = 0.16), since both exhibit flat species segregation profiles. Regarding (i), if higher 
composition of large glass is found at the wall, do the binary mixtures mimic large glass more at 
the wall? No - while the density-difference binary mixture (Figure 6.2) mimics large glass 
throughout the entire cross-section (i.e., not only at the wall), the size-difference binary mixture 
(Figure 6.3) does not strictly mimic large glass at the wall. Pertaining to (ii), if more extensive 
radial segregation was found for the size-difference binary mixture (Figure 6.2), it should have a 
higher tendency to mimic large glass at the wall than the density-difference binary mixture 
(Figure 6.3), which is not the case. Figure 6.4 further shows that the binary mixtures become 
increasingly similar with height, despite the extent of species segregation for the size-difference 
binary mixture increasing more than the density-difference binary mixture with height; on the 
contrary, where species segregation behaviors are similar at h/H = 0.16, the Gr,net,norm profiles are 
most different.  The elusiveness of species segregation phenomenon in the Gr,net,norm profiles 
should not be surprising. As noted previously from Figure 6.1, mass flux profiles are more 
dominated by solids velocity than concentration, since similar mass flux profiles of 
monodisperse materials are exhibited despite reverse core-annulus (i.e., dense core and dilute 
annulus) for the larger materials. Correspondingly, species segregation is linked to granular 
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temperature gradient, and granular temperature is also linked to solids concentration48-54; 
therefore, since solids concentration has less effect on mass flux profiles, along the same vein as 
granular temperature, species segregation also is not apparent in mass flux profiles. 
Finally, Gr,net,norm profiles for the small glass with continuous PSD (Table 5.1) are portrayed 
in Figure 6.5. Because the four operating conditions implemented for this continuous PSD are 
different from the other materials (Table 5.2), a direct comparison on the effect of material is not 
possible.  Nonetheless, the impact of axial position and operating conditions on the radial 
profiles are still obtainable. Similarities with results for other materials are apparent as the axial 
height has a greater influence on radial profiles than does the operating condition. Unlike the 
other materials investigated, however, at the topmost axial position (h/H = 0.92), profiles appear 
as a flatter inverted U-shape instead of the inverted V-shape for monodisperse materials (Figure 
6.1) and binary mixtures (Figure 6.4). In addition, the Gr,net,norm profiles at the lowest m condition 
(Figure 6.5c) are distinctly different from the other three conditions (Figure 6.5a, b, and d) for 
h/H ! 0.47, due either to (i) a behavioral difference between continuous PSD and binary 
mixtures (as has been noted in previous work38, 42-44), or (ii) the wider range of operating 
conditions investigated for this material. Along the lines of “similar profiles” 2, 9, which states a 
critical m exists above which Gr,net,norm profiles become similar, it is apparent that the lowest m 
condition (Figure 6.5c) in this case is below the critical m, and that the critical m lies between m 
= 2.8 (Figure 6.5c) and 4.2 (Figure 6.5a). Notably also, since the Gr,net,norm profiles are similar for 
h/H " 0.73 across all four operating conditions (i.e., including m = 2.8 (Figure 6.5c)), the 
magnitude of the critical m associated with the concept of “similar profiles” (investigated at h/H 
= 0.49) decreases or disappears at higher heights, which presents another reason why an 
exhaustive dataset as in this work is necessary.  
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Figure 6.5. Radial Gr,net,norm profiles for continuous PSD small glass investigated at different 
axial positions under operating conditions of (a) Us = 10 m/s, Gs = 50 kg/m2s, m = 4.2, (b) Us = 
10 m/s, Gs = 300 kg/m2s, m = 25.0, (c) Us = 15 m/s, Gs = 50 kg/m2s, m = 2.8, and (d) Us = 15 
m/s, Gs = 300 kg/m2s, m = 16.7. 
 
6.4 Summary 
 An experimental suite targeted at mass flux measurements in a riser have been carried out 
in a pilot-scale CFB. The objective of this work is to understand the impact of (i) local riser 
positions (axial and radial), (ii) material type (various monodisperse materials and effect of 
polydispersity), and (iii) operating conditions on mass flux behavior. The particles investigated 
belong to Geldart Group B, and include three monodisperse materials (differing in dave and/or !s), 
two binary mixtures (size-difference and density-difference), and a continuous PSD. Four 
operating conditions were implemented for each material, and local mass flux was measured at 
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five axial positions along the riser, with two bi-directional (90 degrees azimuthally apart on the 
horizontal plane) sets of 11 radial positions at each axial position. 
 The most significant influence on mass flux profiles is the axial position in the riser (which 
is also the key factor for cluster trends38, 47), especially near the riser top. Profiles shapes are 
inverted U- or V-shape at h/H = 0.92, regardless of material type (various monodisperse 
materials or various polydisperse systems) or operating conditions. Material type and operating 
conditions effects are secondary and inter-dependent, with effects most apparent at the bottom-
most position (h/H = 0.16). As for the impact of polydispersity, the density-difference binary 
mixture mimics monodisperse large glass (one of the constituent components), whereas the size-
difference binary mixture mimics neither constituent component. Finally, the effect of operating 
condition is more apparent for the continuous PSD, but it is inconclusive whether it is due to an 
inherent difference between continuous PSD and binary mixtures (as has been noted in previous 
work38, 42-44), or due to the wider range of operating conditions implemented for this material.!
The mass flux characteristics presented here is part of a wider dataset of various riser 
characteristics (Chapters 4 - 8) investigated with the same materials and operating conditions, 
which collectively provide a rich test-bed for validation of monodisperse and and particularly 
polypdisperse models29 (for recent polydisperse example, see 55, 56). 
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CHAPTER 7 
MODERATELY DENSE CFB:  
CLUSTER CHARACTERISTICS OF MONODISPERSE MATERIALSf 
 
Abstract 
 Experiments in a circulating fluidized bed (CFB) riser with Geldart Group B particles have 
been carried out, with a focus on cluster characterization. In this chapter, the focus is on 
monodisperse materials; results for polydisperse materials are contained in Chapter 81.  A fiber 
optic probe was used for detection of solids, and cluster identification was accomplished via 
wavelet decomposition. Using this threshold, three cluster characteristics were evaluated:  
appearance probability, duration, and frequency.  Furthermore, the impact of three factors – riser 
position, operating condition, and material type – was examined.  Results indicate that: (i) of the 
three factors investigated, riser position has the most dominant influence on cluster 
characteristics, (ii) cluster appearance probability appears to be largely a function of riser 
position only, and is insensitive to changes in operating condition or material type, and (iii) 
cluster duration and frequency are influenced by the particle material and operating condition, 
though only from mid-height of the riser upwards. The results presented provide a 
comprehensive picture of factors affecting cluster trends. 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!$!Chew, Hays, Findlay et al., “Cluster characteristics of Geldart Group B particles in a pilot-scale CFB 
riser. I. Monodisperse”, submitted, Chemical Engineering Science, 2011.!
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7.1 Introduction 
Similar to Chapter 4, this chapter deals only with monodisperse materials (Table 4.1), with 
a specific focus on the cluster characteristics of the monodisperse materials in a moderately 
dense CFB riser. The next chapter (Chapter 8) will explore the impact of polydispersity on 
clusters. Because clusters significantly affect the performance of the fluidized bed system in 
terms of solids mixing, entrainment, and heat and mass transfer, an enhanced understanding of 
cluster behavior is warranted.  
 Numerous experimental results on clusters have been reported, though seemingly 
contradictory trends have emerged.  For example, some works have indicated that overall (i.e., 
integrated across the riser cross-section) appearance probability of clusters decreases2, 3 or 
remains constant with height4, while other works indicate a decrease in appearance probability 
with height at the wall only5, 6. As another example, an increase in the solid loading m (ratio of 
solids flux to air flux) has been shown to either increase7-11, decrease5, 12-15, or have no effect13, 16 
on cluster duration. The contradictory trends presumably stem from the lack of a complete 
dataset. More explicitly, most works only involve one material, and/or the effect of changing 
operating conditions at one or two axial positions. Correspondingly, if cluster trends vary at 
different riser positions, over a wider range of operating conditions, or for different materials, 
different cluster trends may result. Therefore, the objective of the current effort is to generate a 
comprehensive dataset of cluster characteristics via local measurements spanning the entire riser, 
under various operating conditions, and for three monodisperse material types (i.e., different 
particle size, dave, and/or material density, !s).  
 Notably, reports on the impact of material type on cluster characteristics have been 
especially scarce. Recently, Cocco et al.17 found polyethylene (PE) to exhibit increased tendency 
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of clustering in both the bed and the freeboard compared to fluid cracking catalyst (FCC), and 
they attributed the difference to the higher electrostatics, lower restitution coefficient, and 
smoother surface associated with PE. In addition, it has been reported that coal generally has 
larger clusters than iron ore when compared at the same solids concentration conditions11.  
Another work13 compared glass beads of different sizes (70 and 120 µm) at only one axial 
position, and concluded that a larger particle size increases cluster duration and decreases cluster 
frequency, but does not affect cluster appearance probability. However, as indicated earlier, a 
gap in the knowledgebase exists due to the incompleteness of the datasets. For example, it is 
unclear if results taken at a single axial position also hold at other axial positions. 
 Collectively, previous works indicate that riser position, operating condition, and material 
type may influence the behavior of clusters. In view of the contradictory cluster trends reported, 
however, the focus of the current work is to generate a more complete landscape of cluster 
characteristics with respect to riser position, operating condition, and material type. Namely, the 
salient questions are twofold.  How do the local riser position (both axial and radial), operating 
condition (superficial gas velocity, Us, and overall solids flux, Gs), and material type influence 
cluster characteristics throughout the riser? Moreover, which factor (riser position, operating 
condition, or material type) exerts the greatest influence on cluster behavior? 
 To address these questions, cluster measurements have been carried out here for three 
monodisperse Group B materials in a CFB riser under four operating conditions.  Accordingly, a 
direct comparison of the impact of the various factors on cluster characteristics is possible. More 
specifically, a fiber optic probe was used for the detection of clusters via wavelet decomposition. 
Results indicate that (i) local riser position is the primary factor influencing all three cluster 
characteristics (appearance probability, duration, frequency), while operating conditions and 
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material type are secondary effects, (ii) among the three cluster characteristics, appearance 
probability is most affected by local riser position and least affected by material type and/or 
operating condition, and (iii) compared to appearance probability, cluster duration and frequency 
is more affected by variations of material types and operating conditions (particularly near the 
top of the riser), although axial variation is still apparent.  
 
7.2 Experimental Description 
7.2.1 Experimental Setup 
 The schematic of the CFB is shown in Figure 4.1. 
 
7.2.2 Materials Investigated and Operating Conditions Implemented 
 The three materials considered here are monodisperse Group B particles listed in Table 4.1. 
And the operating conditions are as listed in Table 4.2. 
  
7.2.3 Measurement Technique 
 The fiber optic probe used for cluster measurements was fabricated at Particulate Solid 
Research Incorporated (PSRI). The probe is a stainless steel tubing (outer diameter = 0.013 m) 
which houses two fibers, each with a diameter of 2000 µm.  One fiber is used to transmit infrared 
from a light-emitting diode (LED) source, while the other is the receiver conduit. Notably, the 
two fibers are aligned to converge towards the probe tip in order to reduce the sampling volume 
just beyond the probe tip, thereby reducing unnecessary scattering of the light source and 
enhancing sensitivity18. The key operating principle of the fiber optic probe is that the receiver 
fiber detects a higher voltage signal when infrared emitted from the transmitter fiber is blocked 
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and reflected back to the receiver fiber, as occurs when the probe is surrounded by a denser 
(particle-rich) phase.  On the other hand, a lower voltage signal is obtained when infrared from 
the emitter is relatively unobstructed, as occurs when the probe tip is in a more dilute (gas-rich) 
phase. Accordingly, bubbles (gas-rich) in a bubbling fluidized bed manifest as downward spikes 
in a fiber-optic voltage trace, whereas clusters (particle-rich) in a riser (relatively gas-rich) 
manifest as upward spikes in a fiber optic voltage trace. As examples, fiber optic voltage traces 
in the riser of the CFB are shown for the case of background (i.e., absence of solids) in Figure 
7.1a and in the presence of solids flow in Figure 7.1b, both as functions of time. Expectedly, it is 
observed that the presence of solids induces higher and a wider range of voltages. Hence, with a 
suitable threshold, cluster (i.e., flow structures denser than uniform distribution of particles) 
identification can be accomplished. 
 
 
Figure 7.1. Example of traces obtained in CFB by fiber optic probe for (a) background (i.e., 
absence of solids), and (b) large HDPE at operating condition of Us = 13.5 m/s, Gs = 260 kg/m2s 
at h/H = 0.47 and r/R = 0.96. !!
 The choice of voltage threshold for cluster detection is an important consideration. A 
single-value threshold3, 6, 13, 19, 20  (for example, a fixed number of standard deviations above the 
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mean voltage) implies a time-independent demarcation between the two phases, and such a 
threshold has been considered inadequate due to the dynamic nature of fluidized bed systems4, 10, 
21. Specifically, because fluidized-bed systems have broad spectrum of solids concentration that 
evolve with time, identifying features like bubbles or clusters necessitates a data analysis method 
that takes into account the dynamic baseline of measured signals4, 10, 21, 22. Therefore, a critical 
drawback of a Fourier transform of such signals is that the time (dynamic) component is lost 
during analysis, and hence deficient when signal properties continuously change with time as in 
a fluidized bed system22, 23. In the past decade, wavelet decomposition24, 25 has been 
acknowledged to be useful in its ability to extract different frequency ranges while retaining the 
timestamp of signals, thereby enabling classification of fluidized-bed measurement data into 
noise (micro-scale), flow structures like clusters or bubbles (meso-scale), and equipment (macro-
scale)4, 21, 22, 26.  
 More specifically, wavelet decomposition24, 25 provides a means of extracting different 
frequency ranges of data signals by repeatedly breaking down the signal into higher-frequency 
details (D) and lower-frequency approximations (A), as illustrated in Figure 4.5. At the first scale 
of decomposition (Scale 1), the signal of N Hz is divided into the first scale of approximation 
(A1) and the first scale of detail (D1), whereby A1 contains the lower half of the frequency range 
and D1 contains the higher half. Combined via wavelet reconstruction (which reverses wavelet 
decomposition), the A1 and D1 signals result in the original signal. With a further increase in 
scale from j to j+1, each approximation Aj is subsequently decomposed into low-frequency Aj+1 
and high-frequency Dj+1 signals. Figure 7.2 shows the approximation and detail signals at 
various scales, illustrating explicitly the decrease in signal frequency with the increase of scales 
while preserving the timeline. For the interested reader, a thorough mathematical explanation of 
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the wavelet decomposition technique can be found in Mallat24, 25. In the current work, a data 
collection frequency of 100 Hz was used for large glass and a higher 1000 Hz was used for large 
HDPE and small glass (more details on this difference are given below), with wavelet 
decomposition of the signal accomplished via the wavelet toolbox in Matlab27.   !
!
Figure 7.2. Raw signal of fiber optic probe collected at 1000 Hz and corresponding 
approximations (Aj) and details (Dj) at various scales (j) of wavelet decomposition for small glass 
at operating condition of Us = 17 m/s, Gs = 260 kg/m2s at h/H = 0.16 and r/R = 0.0. !!
 Before discussing which wavelet decomposition scale is appropriate to use as the threshold 
for cluster detection, it is worth noting that efforts have been made by previous researchers 
towards calibrating the voltage signals obtained from fiber optic probes to obtain solids 
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concentration traces28, 29.  Nonetheless, several works have noted the inefficacy of the fiber optic 
probe to give absolute concentration values due to the associated problematic calibration30-32. 
Consequently, in this work, instead of calibrating the fiber optic probe signals to obtain 
quantitative values (magnitudes) for solids concentration, the raw voltage traces were instead 
analyzed for relative changes in concentration (via wavelet analysis) in order to obtain 
information on clustering.  
 To use wavelet analysis to extract information on clusters, a threshold for cluster 
identification is required. More specifically, the threshold should have a physical significance 
based on the ability of wavelet decomposition to demarcate the different scales (micro-scale, 
meso-scale, macro-scale)4, 21, 22, 26. Since information of clusters are represented in the meso-
scale 4, 10, 22, 33-35, the scale corresponding to the meso-scale range is needed. Accordingly, 
normalized energy plots of the decomposed signals were inspected to determine the delineation 
among the various scales4, 34, 35. Specifically, the normalized relative energy of the detail signals 
at each scale ( ) is calculated based on Equation 4.10. 
 The corresponding normalized wavelet energy plots are displayed in Figure 7.3, where the 
x- and y-axes depict the scale of the wavelet decomposition and the normalized wavelet energy (
), respectively. Notably, Figure 7.3 serves to illustrate the variations in the 
 
plots for 
different radial positions, different materials (Figure 7.3a versus Figure 7.3b), different operating 
conditions (Figure 7.3a versus Figure 7.3c), and at different data acquisition frequency (Figure 
7.3b versus Figure 7.3d). Understanding these variations is key to the delineation of the micro-, 
meso- and macro-scales. Four observations are noteworthy. First, Figure 7.3 shows that the 
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normalized energy ( ) changes with radial position, with profiles skewing leftwards as the 
riser center (r/R = 0) is approached from the wall (r/R = 1). In particular, Figure 7.3a and b 
represent signals from the highest m condition (Table 4.2) and at a dimensionless riser height 
(h/H, where h is the axial position where measurement was acquired and H is the total riser 
height) of 0.47 for small glass and large HDPE, respectively. At the same operating condition, it 
is apparent that the shapes of the  plots are similar at each dimensionless radius (r/R, where 
r is the radial position where measurement was acquired and R is the total riser radius), and that 
the Gaussian-shaped plots become increasingly left-skewed as r/R decreases from 0.96 to 0.0. As 
indicated in a previous work36, the shapes of the 
 
plots give an indication of the relative 
solids concentration at each location, with increasing left-skewedness correlating with increasing 
dilution (i.e., profiles look more similar to background signal).  Accordingly, the progression 
observed from the wall to the center is indicative of core-annulus flow. Second, a lower m 
condition gives plots that are more left-skewed (Figure 7.3a versus c), and hence the dense-dilute 
interpretation is further validated, since the profiles are all skewed more leftward for the lowest 
m operating condition (Figure 7.3c). A third observation is that different materials tend to have 
similar energy profiles when operated at the same riser conditions (Figure 7.3a and b), thereby 
indicating that the shapes of the plots are more dependent on flow conditions and relatively 
independent of material. Finally, in comparing Figure 7.3b and d, it is apparent that a lower data 
acquisition frequency (Figure 7.3d) for the same riser location and condition shifts the energy 
plots leftwards, because the same features (i.e., frequency ranges) appear at lower scales when 
data acquisition frequency is reduced (Figure 4.5). For example, for a 1000 Hz signal, A3 
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contains 100 Hz information, which implies frequency ranges for a 1000 Hz data are at three 
scales higher than that for a 100 Hz data. 
 
 
Figure 7.3. Normalized energy plots at h/H = 0.47 for (a) 1000 Hz large HDPE data at 
highest m condition (Us = 13.5 m/s, Gs = 260 kg/m2s), (b) 1000 Hz small glass data at highest 
m condition (Us = 13.5 m/s, Gs = 260 kg/m2s), (c) 1000 Hz large HDPE data at lowest m 
condition (Us = 17 m/s, Gs = 120 kg/m2s), and (d) 100 Hz small glass data at highest m 
condition (Us = 13.5 m/s, Gs = 260 kg/m2s). 
 
 With these four observations from Figure 7.3 in mind, delineation among the different 
scales (micro-, meso-, and macro-scale) can be made. Notably, the background (absence of 
solids) signals on Figure 7.3 are exponentially decreasing functions, implying most of the energy 
in the signal is contained in the lowest (< 5) scale, which is expected since background signal 
contains largely noise (micro-scale). Accordingly, the boundary between micro- (background 
noise) and meso-scales is the scale where the energy level of the background signal approaches 
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zero, which is at scale 5 for both the 1000 Hz and 100 Hz data. The demarcation between meso-
scale (clusters) and macro-scale (equipment) should be the scale at which the energy contained in 
the  plots for systems with solids (not background) approach zero, which are approximately 
scales 11 and 8 for data collected at 1000 Hz (Figure 7.3a-c) and 100 Hz (Figure 7.3d), 
respectively. It is worthwhile to note that Yang and Leu 4 used the same scale, namely 11, as the 
boundary between the meso-, and macro-scales for their 1000 Hz fiber-optic data. 
 Armed with this demarcation of the physical scales for the fiber-optic data, the scale used 
for cluster identification should be within the meso-scale range to filter out the noise (micro-
scale) and equipment (macro-scale) influence. Referring to Figure 7.3, regardless of radial 
position (i.e., dense or dilute conditions), the  plots reflecting solids flow (i.e., except 
background) approach zero at the meso-/macro-scale boundary, and therefore scales 11 and 8 are 
physically reasonable thresholds for cluster identification for the 1000 Hz and 100 Hz data, 
respectively. Accordingly, for the 1000 Hz data contained in Figure 7.2, cluster identification 
involves comparing the raw signal with the corresponding A11 trace (i.e., threshold), and data 
points above the threshold are discerned as clusters4. Analogously, A8 is used as the threshold for 
the 100 Hz data. From this comparison, the appearance probability, duration, and frequency of 
clusters can be obtained. First, cluster appearance probability is the ratio of the number of data 
points above threshold to the total number of data points.  Second, cluster duration gives an 
approximate indication of a characteristic size of clusters (since clusters are expected to move 
laterally, thus not wholly captured by the probe), and is calculated as the average number of 
consecutive data points above the threshold.  Third, cluster frequency is the number of clusters 
per unit time, in which the number of clusters is the number of segments of consecutive data 
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points above the threshold. As validation of the choice of scale of threshold (namely, A11 for 
1000 Hz data and A8 for 100 Hz data) for cluster identification, Figure 7.4 shows that the radial 
profiles of the cluster characteristics for 1000 Hz data becomes similar beyond Scale 11 (Figure 
7.4a - c), while those for 100 Hz data become very similar beyond Scale 8 (Figure 7.4d - f). 
 
 
 
Figure 7.4. Radial cluster profiles obtained with various wavelet-decomposed scales of 
approximation (Aj) as threshold for cluster identification for small glass collected at (a)-(c) 1000 
Hz and (d)-(f) 100 Hz under operating condition of Us = 13.5 m/s, Gs = 260 kg/m2s at h/H = 
0.47. 
 
 The impact of data acquisition frequency on the three cluster characteristics is portrayed in 
Figure 7.5. The magnitudes of cluster characteristics expectedly change as data acquisition 
frequency changes, because higher data acquisition frequency allows finer time-specific features 
to be captured. For example, previous work indicates that a higher sampling frequency of 12,500 
Hz give rise to cluster durations and frequencies in the ranges of 0.002 - 0.02 s and 15 - 60 Hz 10, 
respectively, whereas a lower sampling frequency of 1000 Hz lead to cluster duration and 
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frequency ranges of 0.03 - 0.08 s and 4 - 15 Hz4, 13, respectively. The reason for this trend is that 
the smallest cluster duration detected by 1000 Hz data is 10-3 s, but 12,500 Hz data can detect 
clusters with a duration as small as 8 x 10-5 s. Figure 7.5 verifies that changing data acquisition 
frequency changes the absolute values of cluster duration and frequency, but the shapes of the 
radial profile and differentiation between materials are preserved. Subsequently, because large 
glass data was collected at 100 Hz and small glass and large HDPE data were collected at 1000 
Hz, all data in this work were analyzed at 100 Hz for straightforward comparison of material 
(size and density of particles) effect on cluster characteristics. 
 
 
!
Figure 7.5. Effect of frequency of data acquisition on cluster trends of small glass and large 
HDPE at h/H = 0.92 and operating conditions of Us = 17 m/s, Gs = 120 kg/m2s. 
 
 
7.3 Results and Discussion 
 Figure 7.6 - 7.10 collectively display the cluster characteristics – appearance probability, 
duration, and frequency, respectively – as functions of dimensionless radius (r/R, where r is the 
radial position at which measurement was acquired and R is the radius of the riser) of the riser. 
Each figure contains 20 subplots, with each of the four columns representing the various 
operating conditions listed in Table 4.2, and each of the five rows representing a different axial 
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position (h/H, where h is the axial position at which measurement was acquired and H is the 
height of the riser) in the riser. In addition, the three profiles within each subplot depicts each of 
the monodisperse materials listed in Table 4.1. The x- and y-axes ranges are kept constant within 
each figure for straightfoward comparison of trends. Data for large glass is lacking for h/H = 
0.16 and 0.27, but an overview of the impact of riser position, operating condition, and material 
type on cluster behavior is illustrated nonetheless. 
 Figure 7.6 presents the cluster appearance probability trends. Among the three cluster 
characteristics (appearance probability, duration, frequency), appearance probability is least 
affected by material (particle size or density) and/or operating condition, suggesting that cluster 
appearance probability is dominated by the effect of local position (axial and radial) within the 
riser.  
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Figure 7.6. Radial profiles of cluster appearance probability for different materials at various 
riser height and under various operating conditions. 
 
 More specifically, as observed in Figure 7.6, as height increases, radial profiles generally 
evolve from a U-shape at the riser bottom to flatter profiles at the riser top. The evolution of 
profile shapes results from appearance probability decreasing with height along the wall (r/R = 1) 
throughout the riser height, and only mildly increasing at the center (r/R = 0) from h/H = 0.16 to 
0.27. These plots present a more complete picture than previous work, which contain information 
only along limited or integrated sections of the riser and thus led to seemingly contradictory 
trends.  In particular, previous works have indicated that overall (i.e., integrated across the riser 
cross-section) appearance probability decreases2, 3 with height or that appearance probability 
decreases with height only near the wall (and not at other radial positions)5, 6, while others have 
reported that overall appearance probability remains constant with height4. With regards to radial 
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variation, it is only at the bottom-most axial position (h/H = 0.16) that all materials exhibit a 
generally increasing appearance probability towards the wall across all conditions, corroborating 
with previous work which focused only on limited parts of the riser2-6, 16.  However, Figure 7.6 
shows that the same trend is not strictly true for higher axial positions (h/H ! 0.27). With respect 
to the impact of operating conditions, Figure 7.6 shows that the effect of the four operating 
conditions investigated on cluster appearance probability is generally insignificant. It is noted in 
previous work that cluster appearance probability increases2, 5, 6, 9, decreases37, or is insensitive16 
to an increase of solid loading (m); these seemingly contradictory previous results can again be 
traced to data obtained from only a limited portion of the riser and lacking local details. For 
example, comparing Figure 7.6c and d at h/H = 0.16 reveals that increasing m increases 
appearance probability at the wall (r/R = 1) but decreases apperance probbility at the center (r/R 
= 0), which implies that a lack of a more complete dataset may lead to opposite trends; whereas 
the complete landscape given in Figure 7.6 shows clearly that the small change due to m is 
insignificant compared to the greater profile variations associated with the effect of riser height.  
Finally, Figure 7.6 indicates that the role of material type (size or density of particles) on 
appearance probability is generally negligible. 
 Radial profiles of cluster duration are displayed in Figure 7.7.  Compared to appearance 
probability (Figure 7.6), variations of material properties and operating conditions exert more 
influence on the radial profiles of cluster duration particularly near the top of the riser, although 
axial variation is still most apparent.  
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Figure 7.7. Radial profiles of cluster duration for different materials at various riser height and 
under various operating conditions. 
 
 With regards to influence of axial position, for h/H ! 0.27, all cluster duration profiles are 
similarly U-shaped, implying the impact of material or operating condition is insignificant at 
lower riser positions. On the other hand, at higher axial positions (h/H " 0.47), variations due to 
material and operating conditions become evident, with the general trend that the larger materials 
(large glass and large HDPE) have flat profiles, while small glass tends to retain the U-shape. It 
is also observed that as riser height increases, cluster duration generally decreases at the wall (r/R 
= 1), agreeing with previous work which show either a general decrease of radially-integrated 
duration with height 3, 4, 16 or that only wall duration decreases with height 5, 7. However, it is 
noted in Figure 7.7 that duration remains approximately constant at the center (r/R = 0) with 
height.  Note that since the area at the center represents a smaller area relative to the annular area 
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at the wall, the contributions from the riser center are drowned out when integrated radially, 
hence the results in this work do not necessarily contradict previous work. 
 As for the effect of operating conditions, similar profiles are observed at the same Gs 
conditions for h/H ! 0.27 (i.e., Figure 7.7a and c are similar, while Figure 7.7b and d are similar). 
Notably, at the riser center (r/R = 0), changing the operating conditions results in opposite trends 
for the different materials. In particular, while large glass exhibits higher durations under the 
higher m conditions (Figure 7.7b and d), small glass displays the highest duration at the lowest m 
condition (Figure 7.7c). Previous works have shown that an increase in solid loading (m) either 
increases 7-11, decreases5, 12-15, or does not affect13, 16 cluster duration; with the more exhaustive 
dataset presented in Figure 7.7, different trends are indeed seen depending on riser position, 
operating conditions, and particle material. 
 Pertaining to the impact of material properties on cluster duration (Figure 7.7), small glass 
consistently exhibits the highest duration towards the wall (r/R = 1), which agrees with previous 
work 3-7, 13; however, for the larger materials (large glass and large HDPE), the radial trend of 
increasing duration towards the wall is observed only at h/H " 0.27. Moreover, interestingly, 
under low Gs conditions (Figure 7.7a and c), large glass and large HDPE have very similar radial 
profiles, suggesting that particle size plays an influential role under such riser conditions. On the 
other hand, under high Gs conditions (Figure 7.7b and d), small glass and large HDPE are similar 
at r/R = 0, while large glass and large HDPE are similar at r/R = 1, thereby implying the 
dominance of different material property at different radial positions (i.e., center versus wall) 
under these operating conditions.   
 With reference to previous work, Cocco et al. 17 compared cluster durations of similar-sized 
70 µm FCC (fluid cracking catalyst, !s = 1500 kg/m3) and PE (polyethylene, !s = 400 kg/m3) at 
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r/R = 0 and h/H = 0.9.  It was found that the less massive PE has a higher cluster duration, which 
is contrary to the trend observed here of the most massive large glass having highest duration at 
r/R = 0 and h/H = 0.92 for the higher Gs conditions (Figure 7.7b and d). However, the higher 
duration displayed by PE has been attributed to higher electrostatics, lower restitution 
coefficient, and smoother surface compared to the FCC particles17. With reference to another 
work, Sharma et al. 13 found that more massive 120-µm glass beads exhibit a higher cluster 
duration than 70 µm glass beads, especially at the wall at h/H = 0.4. This trend again looks to be 
different under two of the four operating conditions (Figure 7.7a and d) in the current results, 
wherein small glass exhibits higher cluster duration (at the wall at h/H = 0.47) than other larger 
materials. Correspondingly, the influence of materials seems tied with operating conditions, and 
disparate material trends may manifest under different flow conditions. Where material impact is 
concerned, it is worthwhile to note that effects other than dave or !s are also at play in the 
clustering phenomenon. In particular, clusters in gas-solids systems may arise due to the inelastic 
nature of particle collisions38 and/or gas-phase effects including the relative motion between the 
two phases (mean drag) and viscous damping of the granular energy by the fluid39-41.  
Accordingly, the differences between cluster characteristics observed here and those of previous 
works are likely to involve more than a simplistic dave or !s effect, though such an analysis is 
well beyond the scope of the current effort.  
 The radial profiles of the final cluster parameter, namely cluster frequency, are displayed in 
Figure 7.8. Among the three cluster characteristics (appearance probability, duration, frequency), 
Figure 7.8 shows that the greatest influence of materials and operating conditions is exhibited in 
cluster frequency, even though axial position still plays an important role.  
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Figure 7.8. Radial profiles of cluster frequency for different materials at various riser height and 
under various operating conditions. 
 
 At lower axial positions (h/H ! 0.27), the radial profiles of cluster frequency are inverted 
U-shape regardless of material and operating conditions, although more material difference is 
apparent at lower Gs (Figure 7.8a and c) than at higher Gs conditions (Figure 7.8b and d). Higher 
up in the riser (h/H " 0.47), the impact of material and operating condition variations increases, 
as reflected in the increasingly dissimilar profiles. Notably, similar to cluster duration (Figure 
7.7), the trends for low Gs (Figure 7.8a and c) conditions are similar, while the trends for high Gs 
(Figure 7.8b and d) are similar. Regarding impact of operating condition, cluster frequency is 
greatest for the highest m (Figure 7.8b) for small glass (especially at the riser center), which 
agrees with previous work4, 6, 13.  On the contrary, frequency is greatest for the lowest m 
condition (Figure 7.8c) for the larger materials (large glass and large HDPE), indicating again 
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that the effects of operating condition and material property are coupled. Finally, with respect to 
impact of particle material, for h/H ! 0.47, small glass generally retains the inverted U-shape 
observed at lower h/H, large glass acquires a U-shape, while profile shapes for large HDPE are 
more varied depending on height and operating conditions. With reference to previous work, 
Guenther and Breault10 noted cluster frequency decreases towards the wall at all heights for 
Group A-B cork particles, which is generally consistent with the small glass (closest to the 
Group A-B boundary of the three materials investigated) trends in Figure 7.8. Hence, the 
different profile shapes higher in the riser observed for the larger materials could in part be a size 
effect, although other effects like restitution coefficient may come into play as pointed out 
earlier.  
 
7.4 Summary 
 Experiments have been carried out in a pilot-scale circulating fluidized bed (CFB) riser for 
three monodisperse Geldart Group B materials of different size and material density (namely, 
large glass, large HDPE, and small glass). A fiber optic probe was used for local measurements 
within the riser, and a physically-based threshold for cluster identification was derived via 
wavelet decomposition. Using this threshold, three cluster characteristics were determined:  
appearance probability, duration, and frequency.  Local profiles of these cluster quantities for 
each of the three materials and each of the four operating conditions are reported.  The resulting 
dataset reveals the impact of local riser position, operating condition, and material type on the 
cluster characteristics. 
 Collectively, the results give way to three major findings. First, among the three factors – 
riser position, operating condition, and material type – investigated, riser position has the most 
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dominant influence on the cluster characteristics (appearance probability, duration, and 
frequency). Second, the cluster appearance probability is largely a function of riser position only, 
and is insensitive to changes in operating condition or material type. Third, although differences 
in the cluster duration and frequency do arise from changes in the material and/or operating 
condition, such differences are present only from mid-height of the riser upwards 
 It is worthwhile to note that the material effects examined here refer to size and/or material 
density effects of monodisperse particles, but the origin of clusters can be traced to dissipative 
nature of inelastic collisions38 as well as gas-phase effects39-41. Correspondingly, other than 
material size and density effect leading to drag force instability, other effects influencing 
instability include restitution coefficient, friction coefficient, particle shape, etc. This dataset on 
clustering behavior of monodisperse materials in a CFB riser, together with that for polydisperse 
materials in Chapters 8 and 9, is expected to serve as validation data for models incorporating 
such effects, and more work is needed to shed more light on the dominant physics leading to 
instabilities in gas-solid flows and hence clusters.  
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CHAPTER 8 
MODERATELY DENSE CFB RISER:  
CLUSTER CHARACTERISTICS OF POLYDISPERSE MATERIALSg 
 
Abstract 
 Experiments with a focus on understanding the impact of polydispersity on clustering 
characteristics (namely, appearance probability, duration and frequency) of Geldart Group B 
particles in a circulating fluidized bed (CFB) riser have been carried out. Three mixtures are 
considered: (i) a density-difference binary mixture, with species of different material density (!s) 
but same particle sizes (dave), (ii) a size-difference binary mixture, with species of different dave 
but same material density !s, and (iii) a continuous particle size distribution (PSD). Local cluster 
information spanning the entire riser was obtained over a range of operating conditions using a 
fiber optic probe. Results show that cluster trends for the binary mixtures are similar to those 
reported in Chapter 71 for monodisperse materials on two counts. First, local riser position has a 
significant influence on all three cluster characteristics, while effects of operating condition and 
material type are secondary. Second, among the three cluster characteristics, cluster appearance 
probability is most influenced by local position, and least affected by operating condition and 
material type. Furthermore, the density-difference binary mixture exhibits distinctly lower cluster 
duration than either of its constituent components.  On the other hand, for the size-difference 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%!Chew, Hays, Findlay et al., “Cluster characteristics of Geldart Group B particles in a pilot-scale CFB 
riser. II. Polydisperse”, submitted, Chemical Engineering Science, 2011.!
! "#$!
binary mixture, cluster duration mimics one constituent component, while frequency mimics the 
other. Comparing the two binary mixtures at any riser location, the density-difference binary 
mixture has lower cluster duration and higher frequency than the size-difference binary mixture 
regardless of local position. Finally, with respect to the continuous PSD, which was investigated 
under a wider range of operating conditions, the effect of operating condition is more apparent.  
This deviation may be due to an inherent behavioral difference between binary mixture and 
continuous PSD and/or to the wider range of operating conditions examined. 
 
8.1 Introduction 
In the previous chapter (Chapter 7) on clustering in CFB risers with various monodisperse 
materials1, a comprehensive picture of the impact of monodisperse material property (particle 
size and material density), local riser position, and operating conditions on cluster behavior was 
presented. The results indicate that riser local position plays a key role in influencing clusters 
compared to the material property and/or operating condition. Nonetheless, polydisperse systems 
have been known to exhibit different behaviors than their monodisperse counterparts2-5 (e.g., 
mass flux profiles6, species segregation2, 3, 5, 7-14), and thus the effect of polydispersity on clusters 
is of practical interest. In addition, different categories of polydispersity, namely binary mixtures 
and continuous particle size distributions (PSDs), have been reported to display qualitatively 
different trends in both bubbling beds15-19 and CFBs6, 20-22, thereby motivating the investigation 
of both categories of polydispersity. 
 In an effort to build on the previous knowledge on cluster characteristics of monodisperse 
materials (see Chapter 71 and references therein), the objective of the current study is to 
experimentally investigate the effect of polydispersity on cluster characteristics in the same CFB 
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riser as Chapter 71. Experiments have been carried out for two binary mixtures – one with only a 
material density, !s, difference between the constituent components (density-difference binary), 
and one with only a particle size, dave, difference between the constituent components (size-
difference binary) – as well as a continuous PSD, all belonging to Geldart Group B. Local cluster 
behavior is measured using a fiber optic probe and subsequent cluster identification and 
characterization is based on wavelet decomposition23, 24, which provides a means of delineating 
the different (micro, meso-, and macro) scales in fluidized bed systems25-28. In particular, the 
cluster characteristics extracted from fiber optic measurements include cluster appearance 
probability (fraction of time that clusters are observed), cluster duration (indicator of cluster 
size), and frequency (number of clusters per unit time). 
 The results indicate similar trends between the monodisperse materials1 and the mixtures, 
though some noticeable differences exist between the different categories of polydispersity 
examined.  Regarding the former, all three cluster characteristics depend most heavily on local 
riser position, while the effects of operating condition and material type (monodisperse material 
and mixture type) are secondary. Moreover, among the three cluster characteristics, cluster 
appearance probability is most influenced by riser local position, and least affected by operating 
condition and material type. Besides these similarities, differences in the clustering trends 
between the binary mixtures are also apparent. First, the density-difference binary mixture 
exhibits distinctly lower cluster duration than either of its constituent component. On the other 
hand, for the size-difference binary mixture, duration mimics one constituent component, while 
frequency mimics the other. Second, between the two binary mixtures, the size-difference binary 
mixture has higher cluster duration and lower cluster frequency than the density-difference 
binary mixture. Finally, with respect to the continuous PSD, the effect of operating conditions is 
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more apparent, which may be due to a difference between the mixture types (binary vs. 
continuous) or to the wider range of operating conditions examined. 
 
8.2 Experiment Description 
8.2.1 Experimental Set-up 
 The CFB riser used for experiments is identical to that in Figure 4.1; the reader is referred 
to Chapter 4 for further details.  
 
8.2.2 Materials Investigated 
 The focus of this work is on polydisperse materials, specifically two binary mixtures - one 
with only a difference in particle size, dave (size-difference binary) and one with only a difference 
in material density, !s (density-difference binary) - and one continuous (Gaussian) particle size 
distribution (PSD), as listed in Table 5.1. The binary mixtures are made up of approximately 
monodisperse materials, which are detailed in Table 4.1. Accordingly, the cluster characteristics 
of the binary mixtures are compared with that of the constituent monodisperse materials (Chapter 
71) to illustrate the effect of their binary nature. !
8.2.3 Operating conditions 
 The operating conditions used in this investigation are listed in Table 5.2. !!
8.2.4 Instrumentation and Cluster Analysis 
 Identical to the counterpart monodisperse work in Chapter 71, data acquisition via a fiber 
optic probe was implemented at 100 Hz to obtain measurements at numerous axial and radial 
! "#$!
locations throughout the riser.  Wavelet analysis is used for cluster identification, and subsequent 
analysis is used to extract three characteristics of the clusters:  appearance probability, cluster 
duration, and cluster frequency.  For further details on these measurements and analysis, the 
reader is referred to Chapter 71. 
 
8.3 Results and Discussion 
The focus of this work is on understanding the impact of polydispersity on cluster 
characteristics. Each figure (Figure 8.1 through Figure 8.12) in this section contains 20 subplots, 
with each column of subplots depicting one of the four operating conditions (Table 5.2) 
investigated, and each row depicting one of the five riser axial positions (h/H, where h is the 
axial position at which measurements were taken, and H is the riser height), as indicated on the 
text at the right-most of the figure. While the y-axes denote cluster characteristics, the x-axes 
denote dimensionless radius (r/R, where r is the radial position at which measurements were 
taken, and R is the riser radius). The ranges of the axes are kept constant throughout each figure 
to provide more straightforward comparisons. The error bars represent the span of two repeat 
measurements taken at the same axial position but 90 degrees apart in the horizontal plane. Note 
that large glass data is lacking for h/H ! 0.27, while density-difference binary mixture data is 
lacking for h/H = 0.92. 
 
8.3.1 Binary mixtures 
Figure 8.1 – 8.3 display the cluster appearance probability of the binary mixtures. 
Specifically, Figure 8.1 compares the density-difference binary mixture with its constituent 
(monodisperse) components, Figure 8.2 compares the size-difference binary mixture with its 
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constituent (monodisperse) components, and Figure 8.3 compares the two binary mixtures 
directly. Collectively, the three figures show that the radial profiles of appearance probability are 
largely a function of riser position for binary mixtures, which is consistent with the results on 
monodisperse systems presented in Chapter 71. In particular, the radial profiles are generally U-
shaped lower (h/H = 0.16) in the riser and gradually flatten with height. In other words, neither 
material type (monodisperse materials, binary mixtures, etc.) nor operating condition causes 
significant variations in the profiles; the slight variations which are observed (e.g., Figure 8.1c, 
Figure 8.2d) do not follow a clear trend with local position or operating conditions. Therefore, 
the cluster appearance probability is most dependent on the local position in the riser. 
 
 
Figure 8.1. Local profiles of cluster appearance probability for density-difference binary mixture 
and constituent monodisperse materials. 
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Figure 8.2. Local profiles of cluster appearance probability for size-difference binary mixture 
and constituent monodisperse materials.  
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Figure 8.3. Local profiles of cluster appearance probability for density-difference binary mixture 
and the size-difference binary mixture. 
 
 
Cluster duration profiles are presented in Figure 8.4 – 8.6. Analogous to previous plots, 
Figure 8.4 compares the density-difference binary mixture with its constituent (monodisperse) 
components, Figure 8.5 compares the size-difference binary mixture with its constituent 
(monodisperse) components, and Figure 8.6 compares the two binary mixtures directly. 
Compared to appearance probability (Figure 8.1 – 8.3), although the impact of local riser 
position remains dominant, profile variations resulting from differences in material types 
(monodisperse components and binary mixtures) and operating conditions are more noticeable, 
which is again analogous to the results presented for monodisperse systems in Chapter 71. 
Interestingly, a deviation from the monodisperse cluster duration trends1 is observed in Figure 
8.4 and Figure 8.5, in that profile variations due to material type are seen at the riser bottom (h/H 
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= 0.16). More explicitly, at this position, the binary mixtures exhibit lower cluster duration than 
their constituent component (Figure 8.4 and Figure 8.5), whereas profile variations between the 
monodisperse materials are negligible (Chapter 71). 
 
 
Figure 8.4. Local profiles of cluster duration for density-difference binary mixture and 
constituent monodisperse materials. 
 
! "#$!
 
Figure 8.5. Local profiles of cluster duration for size-difference binary mixture and constituent 
monodisperse materials. 
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Figure 8.6. Local profiles of cluster duration for density-difference and size-difference binary 
mixtures. 
 
 Differences in cluster duration between the two types of binary mixtures are also 
noteworthy. In Figure 8.4, it is observed that the density-difference binary mixture generally 
exhibits lower cluster duration than either constituent component at all heights, which represents 
an interesting deviation from mass flux profiles, wherein the density-difference binary mixture 
mimics the large glass (i.e., higher !s) component under all operating conditions6. On the other 
hand, it is apparent in Figure 8.5 that the cluster duration profiles of the size-difference binary 
mixture mimics large glass (comparison not available for h/H ! 0.27) more than small glass, 
which also is an interesting contrast from mass flux profile results6, wherein the size-difference 
binary mimics neither of the constituent components. Direct comparisons between the density-
difference binary and size-difference binary mixtures in Figure 8.6 reveal that the former 
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generally gives lower cluster duration than the latter throughout the riser and under all operating 
conditions investigated (comparison not available at h/H = 0.92).   
 The third cluster characteristic, cluster frequency, is illustrated in Figure 8.7 – 8.9. Similar 
to both cluster appearance probability (Figure 8.1 – 8.3) and duration (Figure 8.4 – 8.6), axial 
position still plays the most distinctive role in affecting the radial profiles of cluster frequency. In 
particular, near the riser bottom (h/H = 0.16), profiles are similar regardless of material (type of 
binary mixture) or operating condition, which is consistent with results of the monodisperse 
materials presented in Chapter 71. On the other hand, dissimilar to appearance probability but 
similar to duration, variations due to material (monodisperse or binary) and operating conditions 
are apparent, though less so than axial position. Specifically, differences between materials and 
operating conditions are more apparent for h/H ! 0.47, which again is consistent with the 
monodisperse results in Chapter 71. 
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Figure 8.7. Local profiles of cluster frequency for density-difference binary mixture and 
constituent monodisperse materials. 
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Figure 8.8. Local profiles of cluster frequency for size-difference binary mixture and constituent 
monodisperse materials. 
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Figure 8.9. Local profiles of cluster frequency for density-difference and size-difference binary 
mixtures. 
 
 Since frequency profiles are similar for various materials and operating conditions for h/H 
! 0.27, observations on differences between the binary mixtures will focus on h/H > 0.27. 
Superimposing the cluster frequency profiles of the density-difference binary mixture with the 
corresponding constituent components in Figure 8.7 indicates that, where material variations are 
more apparent (Figure 8.7b and d), the density-difference binary mixture mimics large glass at 
the center (r/R = 0) and large HDPE at the wall (r/R = 1). With regards to the size-difference 
binary mixture, Figure 8.8 reveals that magnitudes of the cluster frequency for the size-
difference binary mixture are generally more similar to that of small glass, which contrasts with 
the cluster duration trends (Figure 8.5), wherein the size-difference binary mixture mimics large 
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glass more. Finally, Figure 8.9 shows that the cluster frequency of the size-difference binary 
mixture is less than that of the density-difference mixture throughout the riser. Collectively, then, 
since the profiles of cluster appearance probability are similar for both binary mixtures (Figure 
8.3), it seems that the lower cluster duration exhibited by the density-difference binary mixture 
(Figure 8.6) is balanced by higher cluster frequency (Figure 8.9). 
 
8.3.2 Continuous PSD 
It is worthwhile to note that the set of four operating conditions implemented for the 
continuous PSD is different from that for the binary mixtures and monodisperse materials (Table 
5.2). Hence, a direct comparison between the continuous PSD and binary mixtures or 
monodisperse materials1 is not straightforward. Nonetheless, the impact of local riser position 
and a wider range of operating conditions (wider range of m; see Table 5.2) on a continuous PSD 
is illustrated. 
Appearance probability profiles for the continuous PSD are presented in Figure 8.10. In 
contrast to Figure 8.1 – 8.3 (wherein axial position is the dominant influence on radial profiles, 
and effect of operating condition is insignificant), operating conditions play more of a role in the 
appearance probability profiles especially at the riser bottom (h/H = 0.16). This difference may 
be due to (i) an inherent difference in the nature of the distribution (continuous PSD vs. binary 
mixtures) and/or (ii) the wider range of operating conditions (m) implemented. In particular, it is 
observed that lower m gives flatter profiles and higher m gives U-shaped profiles lower in the 
riser (h/H = 0.16). Pertaining to (i), behavioral differences between continuous PSDs and binary 
mixtures have been noted before in the species segregation patterns of both bubbling beds15-19 
and CFBs20, 21, and hence it is plausible that the more apparent effect of operating conditions 
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could be due to the different type of polydispersity (i.e., continuous PSD instead of binary 
mixture). With regards to (ii), Figure 8.10a and c are at lower m than the range investigated for 
binary and monodisperse, while Figure 8.10b and d are at higher m (Table 5.2). Correspondingly, 
it is possible that when operating conditions are m = 5.9 - 16.0 (binary mixtures and 
monodisperse materials), appearance probability profiles are only a function of riser position; 
however, when operating ranges are widened (m = 2.8 - 25.0), differences in appearance 
probability profiles become apparent at riser bottom.  
 
 
Figure 8.10. Local profiles of cluster appearance probability for continuous PSD of small glass. 
 
Figure 8.11 displays the cluster duration profiles for the continuous PSD. As is true for 
cluster appearance probability, the operating conditions are seen to play more of a role on cluster 
duration than is observed for monodisperse materials and binary mixtures (Figure 8.4 – 8.6). 
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Analogously, the difference may stem from either a behavioral difference between continuous 
PSD and binary mixture, or the wider range of operating conditions implemented for the 
continuous PSD. In contrast to the trends for cluster appearance probability (Figure 8.10), 
however, differences between operating conditions is more evident near the top of the riser. In 
particular, higher m conditions (Figure 8.11b and d) lead to increasingly accentuated U-shape 
profiles with height, whereas lower m (Figure 8.11a and c) results in an inverted U-shape. 
Finally, similar to trends for the monodisperse and binary mixtures, the radial profiles exhibit a 
U-shape near the bottom of the riser, implying that riser axial position continues to play a key 
role at the riser bottom, regardless of the distribution type or wider range of operating conditions. 
 
 
Figure 8.11. Local profiles of cluster duration for continuous PSD of small glass. 
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Lastly, cluster frequency profiles for the continuous PSD are contained in Figure 8.12. 
Again, operating conditions are seen to play more of a role on cluster frequency than is observed 
for monodisperse and binary mixtures (Figure 8.7 – 8.9). Similar to cluster duration (Figure 
8.11), at higher axial positions (h/H ! 0.47), different profile shapes manifest for different m 
conditions. At higher m, (Figure 8.12b and d), the inverted U-shapes of the frequency profiles 
become increasingly accentuated with riser height (for h/H ! 0.47), which implies increased 
radial variation with height. On the other hand, at lower m (Figure 8.12a and c), profile shapes 
transform from W-shape to U-shape with height for h/H ! 0.47. In other words, an interesting 
distinction between high and low m conditions is that higher m conditions cause the riser-center 
(r/R = 0) frequency to increase and wall frequency to decrease with height, whereas the opposite 
effect is brought about at low m (i.e., center frequency decreases with height, while wall 
frequency increases with height). The physical reasoning as to why axial trends at the riser center 
and riser core differs and why different m are associated with opposite axial trends is unclear, but 
future modeling efforts are expected to provide more understanding of these features.   
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Figure 8.12. Local profiles of cluster frequency for continuous PSD of small glass. 
 
8.4 Summary 
A detailed experimental investigation on cluster characteristics of polydisperse Geldart 
Group B particles in a pilot-scale CFB riser has been carried out. A fiber optic probe was used 
for local measurements and the threshold used for cluster identification was determined via 
wavelet decomposition. The resulting cluster measurements include appearance probability, 
duration, and frequency.  Three mixtures were investigated: (i) a density-difference binary 
mixture, (ii) a size-difference binary mixture, and (iii) a continuous size distribution of particles 
with equal material density.  
Generally speaking, the qualitative trends of the cluster characteristics for the binary 
mixtures investigated here are similar to those of the monodisperse materials reported in Chapter 
71, though small differences between the two types of binary mixtures are noteworthy. Regarding 
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the former, the local riser position generally has the dominant effect on all three cluster 
characteristics (appearance probability, duration, and frequency). Furthermore, cluster 
appearance probability is most influenced by riser axial position, and least affected by operating 
condition and material type. Regarding differences observed between the two types of binary 
mixtures, for the density-difference binary mixture, cluster duration is distinctly lower than either 
component and neither of the three cluster characteristics mimic either component.  On the other 
hand, for the size-difference binary mixture, cluster duration mimics the large component, while 
cluster frequency mimics the small component. Comparing the two binary mixtures, the density-
difference binary mixture has lower cluster duration and higher cluster frequency than the size-
difference binary mixture.  
For the continuous PSD, similar to trends for the binary mixtures and monodisperse 
materials1, the local riser position still plays a key role on cluster trends, although the impact of 
operating condition is more apparent for all three cluster characteristics (appearance probability, 
duration, and frequency). The deviation can be attributed to either inherent differences between 
continuous PSDs and binary mixtures, and/or a wider range of operating conditions  (m = 2.8 to 
25.0) examined as compared to the monodisperse and binary systems. 
The experiments reported here, which represents the first experimental dataset on 
clustering in polydisperse systems, provide further insight into the high-velocity fluidization 
behavior of both binary mixtures and continuous PSDs. It is worthwhile to note that the 
polydispersity effects examined here refer to the impact of having a range of particle size and/or 
material density, but clustering instabilities are also linked to the dissipative nature of inelastic 
collisions29, which implies other particle properties (such as restitution coefficient, friction 
coefficient, particle shape) may play a role as well.  
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The cluster measurements presented here is part of wider dataset for the same CFB unit and 
operating conditions; other local data available include cluster characteristics of monodisperse 
materials (Chapter 71), mass flux (Chapter 66), solids concentration (and the surprising 
observation of reverse core-annular flow in Chapter 4)30, and species segregation (Chapter 5)21. 
Collectively, this dataset on various flow phenomena in a moderately dense CFB riser (Chapters 
4 - 8) is expected to be valuable towards validating kinetic-theory based models, especially for 
quantitative predictions of clustering instabilities and various forms of polydispersity (for 
example, refer to31, 32 for binary mixtures and 33 for continuous distributions). 
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CHAPTER 9 
DILUTE CFB RISER: CLUSTER CHARACTERISTICS OF CONTINUOUS 
SIZE DISTRIBUTIONS AND BINARY MIXTURESh 
 
Abstract 
Gas-solids circulating fluidized bed (CFB) experiments have been carried out, with a focus 
on understanding the impact of polydispersity on cluster characteristics in a dilute riser. Two 
categories of polydispersity were studied: binary mixtures with varying compositions, and 
continuous particle size distributions (PSDs) with varying widths. Images taken show the 
presence of clusters, even in these very dilute systems (solid loading m = 0.03 – 0.29). Local 
measurements were acquired using two independent instruments – a fiber optic probe and a 
video camera - with the cluster trends obtained from both agreeing well. Cluster characteristics 
extracted from the measurements include appearance probability, duration and frequency. 
Results show that: (i) riser axial position is the strongest influence on radial profiles of cluster 
duration and frequency, but has negligible effect on cluster appearance probability, (ii) profile 
shapes are invariant with height, although magnitudes of cluster duration and frequency changes 
with height, (iii) effects of both the widths of continuous PSDs and the compositions of binary 
mixtures are observed at the riser bottom for cluster duration and at the riser top for cluster 
frequency, though are insignificant for appearance probability. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%!Chew, Parker, Cocco et al., “Cluster characteristics of binary mixtures and continuous size distributions 
of Group B particles in dilute riser flow”, submitted, Chemical Engineering Journal, 2011. 
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9.1 Introduction 
 
Chapter 81 represents the only work to date on the impact of polydispersity on clusters, and 
results indicate that, similar to trends shown for monodisperse materials (Chapter 7)2, cluster 
characteristics vary most with the local position in the riser when compared to operating 
condition and/or material type (i.e., monodisperse materials of different particle size and/or 
material density, or different types of polydispersity). Nonetheless, the effect of polydispersity 
(Chapter 8) is clearly noticeable on cluster measurements, as neither of the two binary mixtures 
investigated mimics the constituent monodisperse components (Chapter 7)1. Also, the operating 
conditions were shown to exert influence on the cluster behavior of the continuous PSD but not 
on the binary mixtures, though the cause may be either the wider range of operating conditions 
implemented for the former or an inherent difference between the two categories of 
polydispersity (as has been documented before for other fluidization characteristics3-9). What has 
not been investigated to date is the effect of varying widths of continuous PSDs and 
compositions of binary mixtures on cluster characteristics. 
Accordingly, the current work (Chapter 9) is divided into two categories of polydisperse, 
dilute risers:  binary mixtures (two species with different particle size, dave, and material density, 
!s) and continuous PSDs. Since characterization of the clusters over limited portions of the riser 
may lead to contradictory trends2, this work aims to generate a complete cluster dataset spanning 
the entire riser. Specifically, the objectives are to experimentally investigate the impact of 
changing the compositions of binary mixtures and widths of continuous PSDs on cluster 
characteristics. Two independent instruments, namely a fiber optic probe and a video camera, 
were used to obtain local cluster information. As part of this work, the answers to two questions 
are sought.  First, keeping in mind that dilute suspensions as in this work are known to be more 
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homogeneous (i.e., less tendency to cluster)10-12, do the cluster characteristics differ from that 
reported for a denser riser1, 2?  Second, in view of the different qualitative nature of binary 
mixtures and continuous PSDs reported for other flow characteristics of bubbling fluidized beds3-
7 and CFB risers8, 9, do clusters behave differently between these two categories of polydisersity 
in a dilute CFB riser? 
The presence of clusters for the dilute systems studied here (solid loading, m = 0.03 – 0.29) 
is documented via imaging. Corresponding cluster characteristics are obtained from two 
independent instruments, namely a fiber optic probe and a video camera, and the resulting trends 
agree well. Local cluster characteristics extracted from the measurements include appearance 
probability, duration and frequency. Results show that: (i) riser axial position is a key influence 
on cluster duration and frequency, but has negligible effect on cluster appearance probability, (ii) 
profile shapes are invariant with height, although magnitudes of cluster duration and frequency 
changes with height, (iii) effects of both widths of continuous PSDs and compositions of binary 
mixtures are observed at the riser bottom for cluster duration and riser top for cluster frequency, 
though are insignificant for appearance probability. 
 
9.2 Experiment Description 
9.2.1 Experimental Apparatus 
Experiments were conducted in a circulating fluidized bed (CFB) schematically shown in 
Figure 9.1. The riser section is a Plexiglas column (18.4 cm in inner diameter and 4 m tall) with a 
blind-tee exit at the top. The distributor at the bottom of the riser is a Mott Corporation 316 
stainless steel sintered porous plate, of Media Grade 100 and thickness of 2.4 mm. A Yaskawa 
V7 variable frequency drive, which is controlled by a National Instruments LabVIEW program 
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(version 7.1), directs a Fuji Electric VFD5 regenerative blower that provides the air for 
fluidization of the particles. The superficial air velocity (Us), which is reported at local 
atmospheric conditions (air with a 0.97 kg/m3 density and 1.85 ! 10-5 Pa"s viscosity), is 
determined via a Lambda Square Oripac 4150-P orifice plate flow meter, which is located 
upstream of the plenum.  Relative humidity (RH) in the CFB is enhanced by an Air-O-Swiss 
model AOS 7144 humidifier placed at the inlet of the blower. To reduce electrostatics13-16, RH 
is maintained above 40% for all experiments. The operating air temperature and RH in the 
plenum are measured by means of an Omega HX93AV-RP1 probe, with a temperature range of -
4 to 171 oC and RH range of 0 to 100%, inserted into the plenum. A cyclone located after the 
riser exit enables re-circulation of the solids, and solids are fed back to the riser through an 
aerated L-valve. The pressure drops across the orifice plate flow meter, across the distributor 
plate, and along the entire riser are measured using Orange Research 20100 Series low-
differential pressure transmitters with the ±0.2% accuracy option. All temperature, relative 
humidity, superficial velocity and pressure data are recorded throughout the experiments. Sample 
ports are available approximately equally-spaced along the riser height for insertion of the fiber 
optic probe or video camera borescope, which are used for characterizing clusters. Up to three 
sample ports each 90 degrees azimuthally apart on the horizontal plane are available at each of 
these axial positions to detect potential flow asymmetries. 
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Figure 9.1. Experimental set-up. !!
9.2.2 Materials and Operating Conditions 
Two categories of polydisperse materials within the Geldart Group B classification are of 
interest: a continuous particle size distribution (PSD) and a binary mixture. The relevant material 
properties for the continuous PSDs, namely material density (!s), Sauter-mean diameter (dsm), 
width of PSD (denoted "/dsm, where " is the standard deviation of the mass-based PSD), and 
single-particle terminal velocity (Ut) are listed in Table 9.1. As for the binary mixtures (Table 
9.2), the mass-based average particle size, dave, is more relevant. Also listed in Table 9.2 are the 
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operating conditions, namely superficial gas velocity, Us, and solid loading (
! 
m = GsUs"g
, where m 
is solid loading, Gs is total mass flux and !g is air density). For all experiments, several 
parameters are kept constant for direct comparison among the mixtures, namely (i) CFB 
inventory (8 kg of particles) since bed depth is correlated with elutriation rate17 (part of a 
corollary investigation9) and cluster size18, and (ii) Us within each of the two sets (i.e., 
continuous PSDs and binary mixtures) of experiments since the driving force for elutriation is 
linked to Us-Ut or Us/Ut19-24. On the other hand, the parameters varied are widths of the 
continuous PSDs ("/dsm) and compositions of the binary mixtures (Table 9.2, respectively). 
Finally, since a dilute riser is the focus of this work, solid loadings are in the ranges of 0.13 - 
0.29 for the continuous PSDs and 0.03 - 0.25 for the binary mixtures. 
 
Table 9.1. Experimental parameters for continuous PSDs. !
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Table 9.2. Experimental parameters for binary mixtures. 
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Pertaining to the continuous PSDs (Table 9.1), the distributions are prepared using sand 
particles with a wide range of particle sizes from Agsco. The equation defining the mass-based 
frequency distribution (fm) of Gaussian and lognormal distributions are given in Equations 2.1 
and 2.2, respectively. Similar to Chapters 2 and 3, in the current experimental suite (Chapters 9 
and 10), the Sauter-mean diameter dsm is kept constant and the widths (denoted !/dsm) are varied. 
The dsm is used as opposed to other characteristic diameters since it is the most physically 
relevant.  Namely, dsm is the ratio of volume-based to surface-based diameters, the former of 
which is proportional to the gravitational force and the latter of which is proportional to the drag 
force. To compute the Sauter-mean diameter (dsm)23, the mass-based distributions (fm) in 
Equations 2.1 and 2.2 are first converted to the corresponding number-based distributions (fn), 
and then dsm is determined as 
! 
x 3 fn"
x 2 fn"
.  
To prepare the continuous PSDs, sand acquired from Agsco Corporation was classified into 
different sizes using various Fisherbrand U.S. standard brass sieves. The narrowest distribution 
investigated is !/dsm = 10%, in which particles largely fall within one sieve cut (180 - 212 µm). 
On the other hand, the widest distribution examined is !/dsm = 65%, above which would require a 
considerable amount of Group A particles, which is avoided since the focus here is on Group B 
materials. Notably, since Gaussian distributions (Equation 2.1) are restricted to !/dsm < 30% 
(greater values of !/dsm involve unphysical negative diameters), lognormal distributions 
(Equation 2.2) are used to allow for wider PSDs to be investigated. Since Gaussian and 
lognormal distributions are similar in shape for !/dsm < 30%26, the two narrowest distributions 
investigated (namely, !/dsm = 10%, and 25%) can be referred to as either Gaussian or lognormal, 
but will be referred to as lognormal here onward. Accordingly, Figure 9.2 shows the exact 
lognormal distributions (Equation 2.2) as solid lines and corresponding sieve fractions used in 
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the experiments as discrete points.  For the experiments, fm refers to the mass fraction of each 
sieve cut normalized with respect to the bin width (i.e., !x) of a given sieve cut. The choice of 
dsm is made high enough such that particles still largely belong to Geldart Group B even for the 
widest PSD (Figure 9.2), while low enough such that the corresponding single-particle terminal 
velocity (Ut) is lower than the maximum limit of superficial air velocity (Us,max) that the blower 
can generate to ensure elutriation. Since Us,max is 1.7 m/s, the largest sand particle that can be 
ideally elutriated is of 202 µm.  Due to the restriction of sieve sizes available, however, the dsm 
was set to 196 µm, which is the average size between two sieve cuts (180 and 212 µm) and has a 
Ut of 1.6 m/s (Table 9.1). For all the experiments involving continuous PSDs, the value of Us = 
1.7 m/s was used. Finally, because it was observed that sand attrits over time, a fresh PSD was 
prepared after every three cumulative hours of experimental runs in order to preserve the 
integrity of the PSD.  Preliminary checks on 8 kg of particles which fall between the 180 and 212 
µm sieves showed that only 85 mass % (i.e., greater than acceptable tolerance of 10 mass %) of 
the bed retained the original size range at the end of three hours. 
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Figure 9.2.!Continuous PSDs investigated. Lines denote PSDs as per exact lognormal equations, 
while discrete points denote experimental distribution prepared with sieves. 
 
To prepare the binary mixtures (Table 9.2), glass and polystyrene (PS) particles were 
mixed in various compositions. Glass beads purchased from Grainger were sieved to obtain only 
sizes that fall between the 150 and 180 µm sieves, while PS beads purchased from of Glen Mills 
Incorporated were sieved to restrict sizes to those between the 300 and 355 µm sieves. Notably, 
the terminal velocity (Ut) of the glass beads is lower than the implemented superficial gas 
velocity (Us), whereas the Ut of PS is higher than Us. Accordingly, the binary mixtures 
investigated encompass the entire range of compositions, including (i) monodisperse PS (i.e., 
100 mass % PS), (ii) 25 mass % glass (and 75 mass % PS), (iii) 50 mass % glass, (iv) 75 mass % 
glass, and (v) monodisperse glass (i.e., 100 mass % glass). The value of Us used in the suite of 
binary mixture experiments is chosen to be high enough to enable elutriation of the 
monodisperse PS and low enough to restrict the total elutriation flux of the monodisperse glass to 
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a practical level. With regards to the latter, when the total elutriation is too high, the cyclone is 
inefficient in returning solids to the re-circulation loop, and the sampler fills up too fast to enable 
an accurate measurement using the stopwatch. It was found experimentally that Us = 1.5 m/s 
allowed for some elutriation of the monodisperse PS while also restricting the level of elutriation 
of monodisperse glass to reasonable levels.   
 
9.2.3 Instrumentation and Method of Analysis 
Two independent instruments were used to characterize clusters in the CFB riser, as 
described below.  
 
9.2.3.1 Fiber Optic Probe and Wavelet Decomposition 
The fiber optic probe, fabricated by Particulate Solid Research Incorporated (PSRI), is a 
stainless steel tubing (outer diameter = 0.013 m) housing two fibers, each with a diameter of 
2000 µm.  One fiber is used to transmit infrared from a light-emitting diode (LED) source, while 
the other is the receiver conduit. Notably, the two fibers are aligned to converge towards the 
probe tip in order to reduce the sampling volume, thereby reducing unnecessary scattering of the 
light source and enhancing sensitivity. In this work, fiber optic data was collected at 1000 Hz for 
30s at each local riser position, namely seven axial positions and six radial positions from center 
to wall. Two measurements were taken at each position. 
The key operating principle of the fiber optic probe is that it translates the light received by 
the receiver fiber into a voltage value, which gives an indication of solids concentration in the 
riser. It is worthwhile to note that the fiber optic probe records a higher voltage when the receiver 
fiber detects more light, either when (i) the infrared emitted from the transmitter fiber is blocked, 
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as occurs when the probe is surrounded by a denser (particle-rich) phase, or (ii) the receiver fiber 
receives more light through the surroundings, as occurs when a highly reflective surface is across 
the probe tip. Accordingly, to improve sensitivity of the receiver fiber to the infrared from the 
emitter fiber, the lights in the lab were turned off when fiber optic data was acquired, although 
some stray light was still present. Darker surroundings are implemented for two reasons: (i) the 
riser is made of Plexiglas, which implies the riser interior would be flooded with light, and (ii) a 
dilute system warrants increased sensitivity of the probe. 
As examples of the fiber optic data, voltage traces obtained in the riser of the CFB are 
shown for the cases of background (i.e., absence of solids) in Figure 9.3a and in the presence of 
solids flow in Figure 9.3b, both as functions of time. Unsurprisingly, the average voltage of the 
background trace (Figure 9.3a) is higher than the solids trace (Figure 9.3b), which is due to the 
presence of a reflective metallic plug on the sample port on opposite wall from the probe. In 
some previous works, the background signal was taken in a black box27 or on a matte black 
surface28 to allow for subsequent calibration of voltage to solids concentration.  Such a 
calibration is not used here due to the error-prone nature of the calibration methods27-29. Instead, 
transient information on relative concentration is obtained directly from the raw signal.  
Specifically, note that the amplitude of fluctuations about 5.6 V in the background signal (Figure 
9.3a) is quite small due to the presence of only background noise. On the other hand, the 
amplitude of fluctuations in Figure 9.3b is much greater (ranging from 5.45 to 5.65 V), which 
results from the dynamic nature of solids concentration (i.e., clustered and non-clustered 
regions). Accordingly, the raw voltage traces are used for cluster identification, as detailed 
below. 
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Figure 9.3. Fiber optic voltage traces at Us = 1.7 m/s, h/H = 0.43 and r/R = 0.96 for (a) 
background (i.e., absence of solids), and (b) continuous PSD with !/dsm = 40%, (c) wavelet-
based threshold superimposed on continuous PSD with !/dsm = 40%. 
 
 
The threshold used for cluster identification should have a physical significance, and 
wavelet decomposition30, 31 facilitates this via the demarcation of the different scales (namely, 
micro-scale, meso-scale, macro-scale) in fluidized bed systems 2, 32-36. More explicitly, the 
micro-, meso-, and macro-scales have been identified as corresponding physically to background 
noise, clusters, and equipment, respectively2, 32-36; a more detailed explanation of the 
implementation of this method is described elsewhere2. In brief, wavelet decomposition30, 31 
provides a means of extracting different frequency ranges of the raw fiber optic voltage signal by 
repeatedly breaking down the signal into higher-frequency details (D) and lower-frequency 
approximations (A). At the first scale of decomposition (Scale 1), the signal of N Hz is divided 
into the first scale of approximation (A1) and the first scale of detail (D1), whereby A1 contains 
the lower half of the frequency range and D1 contains the higher half. With a further increase in 
scale from j to j+1, each approximation Aj is subsequently decomposed into low-frequency Aj+1 
and high-frequency Dj+1 signals. Accordingly, Figure 9.4a and b are plots of normalized wavelet 
energy (
! 
EDj
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) versus wavelet decomposition scale, generated using Equation 4.10. As detailed 
in Chapter 72, scale 11 in Figure 9.4a and b is used as threshold for cluster identification since it 
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marks the delineation between meso- and macro-scale1, 2, 36. The wavelet toolbox37 in Matlab is 
used for the wavelet decomposition and associated analysis. Correspondingly, Figure 9.3c shows 
the wavelet-based threshold superimposed on the raw fiber optic voltage signal, and clusters are 
identified as data points above the threshold. Cluster characteristics so obtained include (i) 
appearance probability, which is the number of data points above the threshold divided by total 
number of data points, (ii) duration, which is the average number of consecutive data points 
above the threshold, and (iii) frequency, which is the number of clusters (i.e., number of 
segments of consecutive data points above the threshold) detected per unit time. !
!
Figure 9.4. Normalized wavelet energy plots for lognormal PSD with Us = 1.7 m/s , !/dsm = 
10%, h/H = 0.30, and (a) r/R = 0 and (b) r/R = 0.83. Subplots (a) and (b) are obtained from 
voltage data using the fiber optic probe, while (c) and (d) are obtained from area % data using 
video images.  !!!
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9.2.3.2 Video and Image Analysis 
The video camera is a Kodak Motion Corder Analyzer Model SR-Ultra (PS-110), with a 
borescope attached to enable measurement within the riser. The borescope is an Olympus R100-
038-000-50 Industrial Rigid Borescope, with a depth of field of 5 mm to infinity. Some 
modifications were made to the borescope to enhance the quality of the images. To correct for 
the distance between the borescope tip and the focal length, the borescope is fitted with a 6-mm 
diameter optical spacer (Melles Griot), which prevents particles closer than the focal length from 
adversely affecting the images. The spacer is further secured using a stainless steel guard collar 
since the sand and glass particles used in this work are highly abrasive. A xenon light source 
with an Olympus Liquid-Filled Light Guide is used to supply light through the boroscope probe. 
Since increased illumination enhances image quality, two floodlights were additionally 
positioned external to the riser and directed at the borescope tip. Borescope measurements were 
taken at the same axial and radial positions as per the fiber optic probe. 
Video images were collected at 1000 frame per second (fps) for a duration of 2s at each 
local riser position. The file size for 2s of video data is 800MB. Accordingly, in light of the 
number of measurements required and the memory limitations of the Dell laptop used, only 2s of 
video is acquired per measurement as opposed to the 30s for the fiber optic probe. VLC media 
player is used to convert the video files from avi to mp4, and then QuickTime 7 Pro converts the 
mp4 files to jpg image sequences. The resulting image sequence frequency is approximately 
2500 Hz, with the image frequency obtained from the difference between time stamp on first and 
final image divided by the number of images. Subsequently, an algorithm written in 
Mathematica facilitates analysis of the jpg image sequences. First, each raw jpg image (i.e., 
unprocessed video image) is fine-tuned to improve the contrast between solids and background. 
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Afterward, the image is binarized (i.e., pixels above a specified threshold brightness are 
designated as 1, and pixels below as 0).  In the corresponding images, the solids appear white 
and the background appears black (Figure 9.5). Examples of four raw images obtained at random 
times and at three heights are illustrated in Figure 9.5a (first column of Figure 9.5). In addition, 
Figure 9.5b and c depict the progressively processed images after contrast is enhanced and after 
binarization, respectively.  
 
Figure 9.5. At three riser heights (h/H = 0.30, 0.55, 0.90) at Us = 1.7 m/s, samples at four 
random time instances of (a) raw, (b) contrast enhanced, then (c) binarized video images for 
lognormal distribution with !/dsm = 10% at r/R = 0.  
 
After the images are binarized, the area % occupied by solids is computed by dividing the 
total number of white pixels with the total number of pixels per image. Figure 9.6 shows 
examples of area % versus time plots, which are very similar in nature to the fiber optic voltage 
traces (Figure 9.3b). The trace obtained at h/H = 0.30 (Figure 9.6a) has an overall higher area % 
than at h/H = 0.90 (Figure 9.6b), which is expected since the riser is denser at h/H = 0.30 (Figure 
9.5). Accordingly, with a suitable threshold, clusters can be identified. Hence, similar to the fiber 
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optic traces, wavelet decomposition was carried out on the area % traces (Figure 9.6), and the 
resulting 
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 plots are shown in Figure 9.4c and d. These plots are noisier and dissimilar in 
shape than those for the fiber optic voltage traces in Figure 9.4a and b. Due to the shorter 
duration of the area % data (2s as opposed to 30s for fiber-optic traces), no clear demarcation 
between micro-, meso-, macro-scales is demonstrated in the 
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EJ ,all
 plots (Figure 9.4c and rd).  
Similarly, if only 2s of data obtained from the fiber optic is used for the corresponding wavelet 
analysis (as opposed to the total of 30s which is available), the resulting 
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 plots (not shown) 
also take on a noisy appearance similar to Figures 4c and 4d.  These results suggest that 2s is an 
insufficient duration for cluster analysis via wavelet decomposition.  
 
 
 
Figure 9.6. Area % versus time traces from video images for lognormal PSD with !/dsm = 65% 
and Us = 1.7 m/s at r/R = 0 and (a) h/H = 0.30 and (b) h/H = 0.92 at. 
  
Since wavelet decomposition is infeasible for the short duration of video data, another way 
to determine the threshold for cluster identification is necessary. An inspection of the cluster 
characteristics obtained using the fiber optic probe (as seen in Figure 9.8 and 9.10 below, for 
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example) reveals that the cluster appearance probability (when integrated across cross-section 
and averaged across heights) is approximately 50% for all cases.  Accordingly, a 50th percentile 
threshold is used for cluster identification in the video images (previous works have also used a 
constant threshold for cluster identification38, and results compared well to the wavelet based 
analyses36).  Because the main objective here is to compare the qualitative nature of the cluster 
trends between two independent instruments (i.e., fiber optic probe and video camera), the 
specific choice of such a threshold is not as critical. Accordingly, in contrast to the wavelet 
decomposition method used for the fiber optic probe in which the threshold is dynamic and 
changes with time (Figure 9.3c), a time-independent 50th percentile threshold is imposed on each 
area % trace obtained from video Notably, setting a 50th percentile value as threshold implies 
that the cluster appearance probability is 50% (input to analysis), and hence only cluster duration 
and frequency will be obtained as outputs from analysis of video images (whereas the 
appearance probability is an additional output when wavelet analysis is used). 
 
9.3 Results and Discussion 
9.3.1 Continuous PSD 
Before presenting the cluster measurements obtained by the fiber optic probe and video 
camera, it is worthwhile to first present additional imaging evidence of clusters in dilute flows, 
especially since dilute suspensions are known to be more homogeneous, i.e., less likely to 
cluster10-12. It is perhaps not surprising that dilute conditions in this work (Table 9.1 and Table 
9.2) leads to clusters, as the clustering phenomenon has been reported for a similarly dilute work 
at m = 0.139. 
Photos of clusters taken with a SLR camera (Canon 40D with EF-S 15-85 mm f/3.5-5.6 IS 
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UM and EF 100-400 mm f/4.5-5.6L IS USM lenses) are presented in Figure 9.7, wherein darker 
colors imply higher solids concentration (i.e., clusters). The SLR has a larger field of view than 
the video camera/borescope (Figure 9.5), and hence allows for a macroscopic visualization of the 
clusters. For the photos shown here, the SLR camera is located at the wall and thus is non-
intrusive (unlike fiber optic probe and video camera techniques). Comparing Figure 9.7a and b 
(which have a time lag of 0.1s between them) reveals an upward-moving cluster disappearing 
from field of view (dissipating and/or moving into page). Figure 9.7c and d (also with a time lag 
of 0.1s in between) portray an upward-moving cluster. Finally, Figure 9.7e and f (similar time 
lag of 0.1s) portray a downward-moving cluster that is disappearing from field of view. These 
photos provide evidence of clusters even under the most dilute conditions examined here (m = 
0.13 in Figure 9.7) via the SLR camera. Notably, all three independent instruments – SLR 
camera (Figure 9.7), fiber optic probe (Figure 9.8), and video camera (Figure 9.9) – provide 
corroborating evidence of the existence of clusters in dilute flow (m = 0.13 – 0.29 for continuous 
PSDs and m = 0.03 – 0.25 for the binary mixtures).! 
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Figure 9.7. SLR camera photos of clusters at riser wall for lognormal PSD with !/dsm = 10% at 
h/H = 0.80. The subplots (a) and (b), (c) and (d), and (e) and (f) are characterized by a 0.1s time 
lag between each pair. 
 
Prior to inspecting the cluster results obtained with the fiber optic probe for the continuous 
PSDs (Figure 9.2), the matrix of subplots in Figure 9.8 warrants explanation. Each of the three 
columns of subplots depicts one cluster characteristic obtained from the wavelet analysis, with 
the y-axes ranges kept constant within each column for straightforward comparison of axial 
trends throughout the riser. Each of the seven rows represent one of the seven axial positions in 
the riser, and the corresponding dimensionless axial height (h/H, where h is the height at which 
measurement is taken and H is the total height of the riser) are labeled on the right of each row. 
The x-axes represent dimensionless radius (r/R, where r is the radial position at which 
measurement is taken and R is the radius of the riser), and are kept constant in the range of 0 and 
1 for all subplots. Each subplot contains four profiles - one for each of the four continuous PSDs 
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investigated (Figure 9.2).  
 
 
Figure 9.8. Cluster characteristics, namely, (a) appearance probability, (b) duration, (c) 
frequency of various widths of continuous PSDs at various axial positions. 
 
Comparisons of the cluster trends obtained here and Chapters 7 and 8 that also report 
cluster characteristics throughout the entire riser1, 2 will be made below, though it is important to 
point out several key differences between the current and previous efforts. Note that 1000-Hz 
fiber optic data is analyzed to obtain the cluster characteristics here (Figure 9.8), while Chapters 
7 and 8 presented characteristics derived from 100 Hz data. Nevertheless, differences in 
qualitative trends of cluster behaviors are still possible. Accordingly, three differences between 
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the current work (Chapter 9) and previous (Chapters 7 and 8) should be noted: (i) lower solid 
loading of m < 0.3 are examined in this work, whereas in the previous works m = 5.9 – 16.0, (ii) 
different operating conditions are used to control the system, namely Us and Us-Ut are kept 
constant in this work, whereas Us and Gs are kept constant in previous work, and (iii) perhaps 
most importantly, this work examines the impact of varying widths of continuous PSDs and 
compositions of binary mixtures on cluster characteristics, unlike previous work. Hence, the 
focus here is on the impact of polydispersity – specifically, the widths of continuous PSDs and 
the compositions of binary mixtures – on cluster characteristics.  
Similar to Chapters 7 and 81, 2, it is observed in Figure 9.8 that riser height plays a key role 
in the radial profiles of two of the three cluster characteristics, namely the cluster duration 
(Figure 9.8b), and the cluster frequency (Figure 9.8c).  On the other hand, dissimilar to previous 
work24, 25, cluster appearance probability (Figure 9.8a) does not appear to be affected by local 
riser position. In addition, in contrast to previous work (Chapters 7 and 8)1, 2 wherein profile 
shapes change with riser height for all three cluster characteristics (e.g., transforming from a U-
shape at the bottom to an inverted U-shape at the top), profile shapes are relatively invariant with 
height in Figure 9.8. In other words, although the magnitude of a given cluster characteristic may 
change with axial position, the shape of the profile remains similar.  With regards to magnitude, 
it is observed that although the cluster appearance probability does not vary much with an 
increase in riser height (Figure 9.8a), the magnitude of the duration decreases tenfold (Figure 
9.8b) and that of the cluster frequency increases tenfold (Figure 9.8c).  
Pertaining to the impact of changing widths of continuous PSDs, Figure 9.8a (first column 
of Figure 9.8) shows that the profiles in each subplot are very similar, implying that widths of 
continuous PSDs has negligible impact on cluster appearance probability. Regarding cluster 
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duration (Figure 9.8b), profile variations are observed lower in the riser (h/H < 0.43), hence 
indicating the effect of PSD width is prominent at this lower location. Notably, Figure 9.8b 
presents an interesting contrast between current work and previous work (Chapters 7 and 8) since 
variations in duration profiles are seen lower in the riser here (Figure 9.8b), but are seen higher 
in the riser in previous work (Chapters 7 and 8)1, 2. Finally, as for cluster frequency (Figure 9.8c), 
profile variations are observed higher in the riser (h/H > 0.43), which agrees with previous work 
(Chapters 7 and 8)1, 2. Thus, Figure 9.8c  illustrates that the impact of PSD width on cluster 
frequency is apparent only at these higher locations. !!
 
Figure 9.9. For lognormal PSD with !/dsm = 10%: cluster duration obtained via (a) video 
camera, and (b) fiber optic probe; cluster frequency obtained via (c) video camera, and (d) fiber 
optic probe. 
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For cross-validation of the two independent instruments used for cluster characterization, 
Figure 9.9 compares cluster profiles obtained with the video camera (Figure 9.9a and c) vis-à-vis 
those obtained with the fiber optic probe (Figure 9.9b and d) for the lognormal PSD with !/dsm = 
10% at various riser heights. (Recall that the appearance probability of clusters is not available 
for the video camera results since the chosen 50th percentile threshold implies a cluster 
appearance probability of 50%.)  It is worthwhile to note that absolute magnitudes of the cluster 
characteristics are not expected to agree, since the two instruments involve different 
measurements (area % of solids for video images and voltage for fiber optic probe), though both 
are indicators of solids concentration. Note also that the nearest wall (r/R = 0.96) measurement is 
physically not possible for video camera (Figure 9.9a and c) because of the spacer on the 
borescope. Comparing the data obtained from the two instruments reveals that duration decreases 
with height in both cases (Figure 9.9a and 9b) while frequency increases with height in both 
cases (Figure 9.9c and 9d). On the other hand, trends in the radial direction are not as clear-cut, 
since the video camera data appear noisier in this direction than for fiber optic probe. The 
increased noise for the video data can be traced to the shorter data acquisition duration 
(constrained by the huge file size generated), namely 2s, which also led to noisier 
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 plots 
(Figure 9.4c and d). Nonetheless, the correspondence of the axial trends in duration and 
frequency of the two instruments is an important validation40 step since axial position is the 
primary factor affecting cluster behavior (Figure 9.8).  It is worthwhile to note that although 
previous works have utilized wavelet analysis of fiber optic data for the characterization of 
clusters1, 2, 36, 38, its direct comparison with video imaging shown here is the first such validation 
to be reported.  From a practical standpoint, the fiber optic probe is a more feasible method for 
cluster characterization on two counts: (i) file size - 2s of video file (800MB) is more than 100 
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times the size of 30s of fiber data (7MB), and (ii) data analysis time - on the same computer used 
for data analysis, 2s of video takes five hours of computation time, while 30s of fiber data takes 
less than a minute. 
 
9.3.2 Binary Mixture 
Analogous to Figure 9.8, Figure 9.10 displays the cluster characteristics for the suite of 
binary mixture experiments conducted. While the focus of Figure 9.8 is on understanding the 
impact of the widths of continuous PSDs, Figure 9.10 aims to illustrate the impact of the 
composition of binary mixtures (Table 9.2) on cluster behavior. 
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Figure 9.10. Cluster characteristics, namely, (a) appearance probability, (b) duration, (c) 
frequency of various compositions of binary mixtures at various axial positions. 
 
The axial trends in Figure 9.10 are very similar to those in Figure 9.8, indicating that riser 
height is also the primary influence on the magnitude of two of the three cluster characteristics 
(cluster duration and frequency in Figure 9.10b and 9.10c, respectively), though the profile 
shapes themselves do not change much with height. With respect to cluster appearance 
probability (Figure 9.10a), profile variations among different compositions are generally 
insignificant, indicating the composition effect of binary mixture is negligible on this cluster 
characteristic. As for cluster duration (Figure 9.10b), similar to continuous PSDs (Figure 9.8b), 
duration decreases with height and variations among profiles (compositions) are most prominent 
at the bottom-most axial position. Finally, pertaining to cluster frequency, composition effects of 
binary mixtures are similar to width effects of continuous PSDs in that frequency increases with 
height, and variations among profiles (compositions) increases with riser height (Figure 9.10c). 
Thereby, although binary mixtures (Figure 9.10) represent a different category of polydispersity 
than the continuous PSD (Figure 9.8), and previous work have noted different qualitative 
behaviors between the two1, 6, 8, 9, 41, the impact of the two forms of polydispersity on cluster 
characteristics in a dilute riser are similar. 
 
9.4 Summary 
An experimental suite with a focus on understanding the clustering phenomena of 
polydisperse Geldart Group B particles in a dilute CFB riser (m = 0.03 – 0.29) has been carried 
out.  Two categories of polydispersity were investigated: (i) varying widths of continuous PSDs 
while keeping the Sauter-mean diameter (dsm) constant, and (ii) varying compositions of binary 
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mixtures consisting two species differing in average particle diameter (dave) and material density 
(!s). Within each category of polydispersity, the superficial gas velocity (Us) was kept constant. 
Notably, images with large field of view show the presence of clusters even in these very dilute 
systems, and local (axial and radial) cluster trends spanning the entire riser via both fiber optic 
probe and video camera show good agreement. Results indicate that riser axial position is the 
primary influence on two of the three cluster characteristics (namely, duration and frequency), 
whereas the effect of PSD width (continuous) or composition (binary) is comparatively minor. 
 With regards to the effect of riser axial position, results are consistent with previous work 
on a denser CFB riser1, 2 (m = 5.9 - 16.0) wherein the riser axial position was the dominant 
influence on cluster duration and frequency. On the contrary, whereas riser axial position was 
also a key influence on cluster appearance probability in previous work1, 2, the effect of riser 
axial position on cluster appearance probability is negligible in this study. It is also shown that 
the magnitude of cluster appearance probability does not change with height, whereas cluster 
duration decreases and cluster frequency increases with height. 
 Pertaining to the effect of polydispersity (i.e., effect of PSD width (continuous) or 
composition (binary)), although polydispersity has a negligible effect on appearance probability, 
it impacts cluster duration at the riser bottom and cluster frequency at the riser top. Comparing to 
the denser riser in a previous work1, 2, results are also consistent with regards to the insensitivity 
of cluster appearance probability to polydispersity, and the increase in variations among radial 
cluster frequency profiles with height. Notably, profile variations are due to effect of varying 
widths of continuous PSDs or varying compositions of binary mixtures in this work, whereas 
those in previous work1, 2 are due to material type (i.e., monodisperse materials of different 
particle size and/or material density, or different types of polydispersity at fixed continuous PSD 
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width and fixed binary mixture compositions) and/or operating condition. Still along the lines of 
effect of polysidpersity, one discrepancy with previous work1, 2 is that, whereas variations (due to 
polydispersity) between cluster duration profiles are most apparent at the riser bottom in this 
work, variations (due to effect of material type and/or operating condition) between cluster 
duration profiles are instead most noticeable at the riser top in previous work1, 2. Interestingly, 
the two categories of polydispersity investigated here exhibit similar behaviors in terms of axial 
cluster trends (namely, cluster appearance probability profiles invariant with height, variations 
among cluster duration profiles decreases with height, and variations among cluster frequency 
profiles increases with height), which represents a deviation from previous work that reported 
differences in other fluidization characteristics (e.g. species segregation and elutriation 
characteristics) between continuous PSDs and binary mixtures3-9. 
The comprehensive cluster dataset on the impact of polydispersity shown here provides 
valuable insights on flow phenomena in a dilute CFB riser. To further understand other flow 
characteristics on the same system, Chapter 10 investigates the total and species elutriation, and 
local mass flux and species segregation. 
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CHAPTER 10 
DILUTE CFB RISER: ELUTRIATION AND SPECIES SEGREGATION 
CHARACTERISTICSi  
 
Abstract 
 Experiments in a gas-solids circulating fluidized bed (CFB) have been carried out, with a 
focus on understanding the impact of polydispersity on elutriation and species segregation 
characteristics in a dilute riser. Two categories of polydispersity were studied: binary mixtures 
with varying compositions and continuous particle size distributions (PSDs) with varying widths. 
Measurements include total elutriation flux, species elutriation flux, local mass flux, and radial 
and axial species segregation. Qualitative differences between the binary mixtures and 
continuous PSDs were observed.  First, while an increase of the total elutriation flux is linked to 
an increase in the mass % of fine particles (with terminal velocity, Ut, less than the superficial 
gas velocity, Us) for the binary mixtures, the trends are opposite for the continuous PSDs. 
Second, while the elutriation flux of coarse particles (Ut > Us) increases non-monotonically with 
mass % of fines for binary mixtures, that of continuous PSDs is monotonic. Third, while the 
mass % of coarse particles decreases non-monotonically with riser height for binary mixtures 
near the wall, the decrease is monotonic for continuous PSDs. Other insights include the link 
between the elutriation of coarse particles and the collisional transfer of momentum from fine to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%!Chew, Parker and Hrenya, “Elutriation and Species Segregation Characteristics of Polydisperse Mixtures 
of Group B particles in a dilute CFB Riser”, submitted, AIChE Journal, 2011.!
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coarse particles, the flattening of radial mass flux profiles with the composition of fines for 
binary mixtures or the width for continuous PSDs, and the lack of radial species segregation for 
the dilute conditions investigated. 
 
10.1 Introduction 
 A dilute gas-solids circulating fluidized bed (CFB) is the focus of Chapters 9 and 10. 
Specifically, the operating gas velocity of dilute CFBs is in between that of bubbling fluidized 
beds (Chapters 2 and 3) and moderately dense CFBs (Chapters 4 - 8). In such a system, the 
elutriation and species segregation characteristics can significantly affect the performance of the 
system in terms of gas-solids contact, solids residence time, and heat and mass transfer. 
Accordingly, a suite of experiments has been carried out aimed at understanding the impact of 
riser flow characteristics on Group B particles.  Specifically, two categories of polydispersity are 
examined: (i) binary mixtures (two species with particle size (dave) and particle density (!s) 
differences) and (ii) continuous particle size distributions (PSDs). More explicitly, the objectives 
of this work are to investigate the impact of varying the (i) compositions of binary mixtures and 
(ii) widths of continuous PSDs on the total and species elutriation flux, as well as local 
measurements of mass flux and species segregation.  
 With regards to the impact of polydispersity on elutriation flux, despite the abundance of 
elutriation correlations made available in the past few decades1-6, the discrepancy between 
empirical prediction and actual data reaches a hundredfold in some cases6.  Hence, more 
understanding is warranted. It is well established that at a fixed superficial gas velocity (Us), 
overall elutriation flux is negatively correlated with the single-particle terminal velocity (Ut) for 
a monodisperse system, and directly proportional to composition of elutriable species in a 
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polydisperse mixture1-6. Accordingly, if the composition of fine species (i.e., particles with Ut < 
Us) increases, total elutriation flux is expected to increase linearly, and vice versa. However, 
exceptions to the correlations have been noted in the literature. For example, for binary mixtures, 
it has been reported that the elutriation flux increases with the composition of the fine species 
(which belong to Geldart Group A or C) if that species is above a critical size7-9, otherwise the 
elutriation flux plateaus or even decreases due to the dominance of inter-particle cohesion7-9. Of 
particular interest in this work is the counter-intuitive elutriation behavior of the coarse species 
(i.e., particles with Ut > Us) in a binary mixture reported by Geldart et al.10. More specifically, it 
was found the presence of Group A fine species in the binary mixture boosts the elutriation flux 
of the coarse particles to higher than that of monodisperse coarse particles (i.e., 100% coarse), 
and also the elutriation flux of the coarse exhibits a non-monotonic behavior (increasing and then 
decreasing) with respect to the fine composition10. To date, no information is available on how 
binary mixtures of Group B particles with varying compositions affect elutriation. Perhaps more 
importantly, previous work on how the width of continuous PSDs affects elutriation has not been 
reported. Hence, finding an answer for the two corresponding questions are attempted in this 
work. First, since the fine species previously reported belongs to Group A10, and bearing in mind 
the differences between Group A and B particularly in terms of fluidization behavior11 and 
Stokes number12, will the counter-intuitive (non-monotonic) behavior of the coarse persist if the 
fine species in the binary mixture belongs to Group B? Second, noting the qualitatively different 
behaviors between binary mixtures and continuous PSDs previously reported for bubbling 
beds13, 14 and CFBs15-17, how does the elutriation flux of coarse particles behave for continuous 
PSDs with changing distribution widths?  
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 Pertaining to species segregation, both experiments and simulations have indicated that 
particles segregate according to species in both granular systems18-24 (absence of gas phase) and 
fluidized systems3, 25-35. However, although investigation into species segregation behavior in 
low-velocity bubbling fluidized beds has been fairly extensive (refer to3, 25, 36-38!and references 
cited therein), a similar effort for CFBs is more limited. With regards to axial segregation, both 
experiments15, 26-28, 39-42 and simulations29, 33, 41, 43 have revealed that the more massive species 
segregates towards the bottom of the riser. As for radial segregation, both simulation results29, 32, 
34 and experimental data15, 27, 28, 41, 42 consistently indicate that the more massive species 
preferentially segregate toward the wall. The physical explanation for the radial segregation is 
related to the expected radial granular temperature gradients in a riser29, 43-48. Specifically, the 
more massive species have a tendency to segregate preferentially toward the lower temperature 
region due to thermal diffusion29, 35. Concomitantly, it has been shown via both experiments46, 47 
and kinetic-theory-based models29, 32, 44, 45, 48 that lower granular temperature regions are found at 
the wall due to augmented dissipation of kinetic energy through particle-wall collisions and 
increased particle-particle collisions due to the higher solid volume fraction expected in the 
annular region (i.e., core-annulus flow). A logical ensuing question arises: if the radial granular 
temperature gradient and hence radial segregation is due in part to core-annular riser flow, does 
radial segregation still persist in a dilute riser where the core-annulus behavior is reduced? 
Another question is motivated by previous work that indicates binary mixtures and continuous 
PSDs display different species segregation trends in bubbling fluidized beds13, 14, 49-51 as well as 
higher-velocity, denser risers15. In particular, do binary mixtures and continuous PSDs also 
exhibit different segregation patterns in a dilute riser? 
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 With the above questions in mind, the current work is divided into two categories of 
polydisperse, dilute risers:  binary mixtures (two species with different particle size, dave, and 
material density, !s) and continuous PSDs. The objectives of this work are to experimentally 
investigate the impact of changing the compositions of binary mixtures and widths of continuous 
PSDs on total and species elutriation flux, as well as local mass flux and species segregation. The 
results indicate that the binary mixtures and continuous PSDs display different trends for (i) the 
total elutriation flux versus the composition of fine particles (Ut < Us), (ii) the dependency of the 
elutriation flux of the coarse species (Ut > Us) on the composition of fine particles, and (iii) the 
axial species segregation at the wall. Other insights obtained include the link between coarse 
elutriation and collisional transfer mechanism, the flattening of radial mass flux profiles as fine 
composition increases for binary mixtures or width ("/dsm) increases for continuous PSDs, and 
the lack of significant radial segregation, presumably due to the flatter radial granular 
temperature gradients that exist in the dilute riser. 
 
10.2 Experiment Description 
10.2.1 Experimental Apparatus 
 All experiments were carried out in a circulating fluidized bed (CFB) schematically shown 
in Figure 9.1. Sample ports are available approximately equally-spaced along the riser height for 
insertion of the extraction probe, which is used for measurement of local mass flux and species 
segregation characteristics. Up to three sample ports each 90 degrees azimuthally apart on the 
horizontal plane are available at each of these axial positions to detect potential flow 
asymmetries. A sampler device in the standpipe allows for measurement of the total elutriation 
flux (mass flux of particles carried out of top of riser). Specifically, a butterfly valve at the 
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bottom of the sampler was closed at the same instant that a stopwatch was started. When the 
sampler filled up, the CFB was shut down and the stopwatch stopped. Then, the sampler was 
removed, and the particles were collected and weighed. A total elutriation flux was hence 
obtained through dividing the mass of particles in the sampler by the product of the cross-
sectional area of the riser and the duration of collection.  
 
10.2.2 Materials Investigated and Operating Conditions 
 As summarized in Table 9.2 and Table 9.1, the materials studied here are binary mixtures 
(Table 9.2) and continuous size distributions (Table 9.1) of Geldart Group B particles. For the 
binary mixtures, various compositions of the two species, namely glass and polystyrene (PS), 
which differ in both (mass-based) average particle diameter (dave) and material density (!s), were 
examined.  For the continuous particle size distributions (PSDs), various PSD widths were 
examined using sand.  The single-particle terminal velocity (Ut) of each species and the 
superficial gas velocity (Us) used for the two mixture types (i.e., binary mixture and continuous 
PSD) are also listed in the tables. Specifically, the Ut of each material and the implemented Us 
are important considerations, because in an ideal scenario with a single particle in infinite fluid, 
the particle can be elutriated (carried over) only if Us exceeds Ut. Correspondingly, many 
correlations for estimating elutriation rate are based on either Us-Ut or Us/Ut 1-6. Similar to 
Chapter 9, several experimental parameters were kept constant for direct comparison among the 
mixtures, namely (i) CFB inventory (8 kg of particles) since bed depth and elutriation rate are 
correlated52, and (ii) Us within each of the two sets (i.e., binary mixtures and continuous PSDs) 
of experiments since the driving force for elutriation is linked to Us-Ut or Us/Ut1-6. On the other 
hand, the parameters varied are compositions of the binary mixtures and the widths (defined as 
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ratio of standard deviation of the PSD to Sauter-mean diameter, !/dsm) of the continuous PSDs. 
Accordingly, five different binary mixtures (mass % of glass = 0%, 25%, 50%, 75%, and 100%) 
and five different continuous PSDs (!/dsm = 5%, 10%, 25%, 40%, and 65%, with dsm held 
constant) were investigated.  
 It is worthwhile to note that, for the binary mixtures (Table 9.2), the terminal velocity (Ut) 
of the glass beads is lower than the implemented Us, and will be referred to here as “fine”10; 
whereas the Ut of PS is higher than Us, and will be referred to here as “coarse”10. Ideally (for a 
single particle in infinite fluid), particles with Ut < Us should be elutriated (i.e., carried out the 
top of the riser), whereas particles with Ut > Us should not.  However, this cutoff is not strictly 
appropriate in the CFB riser since presence of surrounding particles impacts the settling velocity, 
and the concept of the “hindered settling velocity” 5, 53 is thus more relevant.   
  
10.2.3 Measurement Technique 
 To characterize local mass flux and species segregation in the riser, an extraction probe 
fabricated by Particulate Solid Research Incorporated (PSRI) was used to collect particles at 
various axial and radial positions along the riser, after which the PSD of each sample was 
analyzed using sieves. The extraction probe has an inner diameter of 0.011 m, with the probe tip 
oriented at 90o to the probe shaft in order to collect particles in the direction of mean flow in the 
riser. It is worth noting that the extraction probe was operated non-isokinetically54-58, after 
checks were made to ensure that the measurements were not dependent on suction velocity. The 
successful implementation of non-isokinetic operation on Group B particles is not surprising, 
since the associated higher Stokes number of the more massive particles implies that the particles 
are less adept at following the gas streamlines. For the PSD analysis, one sieve sized at 212 µm 
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was used to separate the constituents of the binary mixtures, whereas seven sieves in the size 
range of 53 – 300 µm were used for the continuous PSDs.  
 Samples were collected at five approximately equally-spaced axial positions along the 
riser, with the lowest axial position at a dimensionless height (h/H, where h is the axial position 
where measurement was taken and H is the total riser height) of 0.43. At each axial location, two 
sets of six radial measurements (from riser center to opposite wall) that are 90o apart in the 
horizontal plane were taken to determine if any asymmetries were present across the riser cross-
section. Notably, due to the curvature of the probe, the three radial positions closest to the 
insertion port could not be measured, hence only the radial portion from the wall opposite to the 
insertion port to the riser center was characterized. Using the extraction probe, both the upward 
and downward mass flux at each local radial position (Gr) was measured by orientating the probe 
tip normal to the flow in the associated direction. At each location, particles were collected for 
20 – 40 s. The net mass flux (i.e., total elutriation flux) across the cross-section of the riser at a 
given axial position is denoted Gs and calculated as per Equation 5.1. Notably, Gs can be 
measured two ways: (i) integration of the local flux measured by the extraction probe using 
Equation 5.1, and (ii) direct measurement using the sampler in the standpipe of the CFB (Figure 
9.1). Using the two methods provided validation for the total elutriation flux, as described below. 
 To further validate the extraction probe measurements, checks were made with regards to 
(i) reproducibility of mass flux measurements between repeated runs, and (ii) consistency of the 
local mass flux integrated across the riser cross-section at each axial position, which ensures a 
mass balance. Accordingly, Figure 10.1 is a plot of local flux (Gr,net = Gr,upward – Gr,downward) 
measured at h/H = 0.43 at various radial positions when the probe was traversed in different 
azimuthal directions, namely, towards the West (two repeated runs), North and East directions. 
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Measurement towards the South was not possible because the standpipe obstructs probe 
insertion. For (i), agreement was obtained within an acceptable tolerance of 10%, as depicted in 
Figure 10.1, whereby repeated West measurements agree well at each radial location. With 
respect to (ii), as shown in Figure 10.1 and corroborating with previous work55, 58, considerable 
variations are observed near the wall (r/R = 0.93) at different azimuthal locations, with such 
variations decreasing towards the riser center (r/R = 0). Accordingly, the local wall flux was 
averaged over different azimuthal directions to calculate the integrated mass flux (Equation 5.1), 
which agreed well with that measured directly in the standpipe (within ±10%). In addition, since 
species segregation is a focus of this work, it is important to check if the PSDs at the wall vary 
with the different values of Gr,net at different azimuthal positions. As seen in Figure 10.2, the 
overall PSDs (i.e., PSDs from both upward and downward fluxes are accounted for, with the flux 
from each direction weighted according to contribution to the net flux) at different azimuthal 
positions near the wall are similar despite the azimuthal differences in local Gr,net (Figure 10.1). 
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Figure 10.1. Variation of flux at wall for lognormal PSD with !/dsm = 40% at h/H = 0.43, when 
probe is traversed in different azimuthal directions 90 degrees apart on the horizontal plane, 
namely, towards the West, North and East directions. !
 
 
Figure 10.2. Reproducibility of total PSDs of lognormal PSD with !/dsm = 40% at h/H = 0.43 
and r/R = 0.93 at different azimuthal locations. 
 
 Finally, to express a representative mass flux at each radial position, a net mass flux 
normalized with respect to Gs at the same axial position is defined as per Equation 6.1. Because 
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of the experimental variations of approximately 10% in Gs at each axial position, this 
normalization is performed to present fairer comparisons between the different axial locations. 
Moreover, the normalization is helpful for a straightforward comparison among the various 
binary mixtures and continuous PSDs, since the total elutriated flux (Gs) varies from mixture to 
mixture.  
 
10.3 Results and Discussion 
 A key qualitative difference between binary mixtures and continuous PSDs is that while the 
former involves two fixed species (with differences in particle size, dave, and material density, !s) 
at varying compositions, the continuous PSD’s have particles with fixed !s but an increasing 
range of particle diameters (i.e., more species) as "/dsm increases. In particular, referring to 
Figure 9.2, increasing "/dsm for continuous PSDs increases the range of both fine and coarse 
particle sizes. For this reason, the two mixture types are covered separately below.  Quantities of 
interest include the elutriation flux of particles from the riser (total and species), the local profiles 
of both mass flux and species segregation. 
 
10.3.1 Binary Mixtures 
 For the set of experiments involving binary mixtures, three plots are presented in Figure 
10.3 as functions of mass % of fine: (a) total elutriation flux (Gs), (b) fine (glass) elutriation flux, 
and (c) coarse (PS) elutriation flux. The data points represent the average values of two repeat 
measurements, and the error bars represent the span of the repeats. Notably, the left-hand side of 
the x-axes refer to monodisperse coarse (i.e., 100 mass % of PS), and vice versa.  It is shown in 
Figure 10.3a that as the mass % of fine in the system increases, the total elutriation flux increases 
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approximately linearly. Recall from Table 9.2 that Ut,fine < Us and Ut,coarse > Us. Accordingly, 
increasing the mass % of fine increases composition of the species with the smaller Ut, and hence 
the total elutriation rate increases.  This trend is consistent with existing empirical correlations2, 4, 
5 which indicate that total elutriation flux is directly proportional to the composition of each fine 
species present in the system (as per Zenz and Weil59, , where Gs is the total 
elutriation flux, xi is the composition of elutriable species i, and  is the elutriation flux from a 
bed consisting only of species i).  
  
Figure 10.3. (a) Total elutriation flux (Gs), (b) fine elutriation flux, and (c) coarse elutriation flux 
of various compositions of binary mixtures investigated at Us = 1.5 m/s. Dotted lines represent 
simple linear  relationship as per available correlations2, 4, 5, while solid lines connect 
experimental data points. 
 
 Figure 10.3b and c further show the variation of the species elutriation flux as the 
composition of fine in the system increases. It is observed that the elutriation of fine exhibits a 
monotonic increase (Figure 10.3b), whereas the elutriation of coarse exhibits a non-monotonic 
trend (Figure 10.3c).  In other words, whereas the elutriation of fine is lower in all binary 
mixtures compared to the monodisperse fine counterpart, the same is not true for the coarse 
species, since the elutriation of coarse is larger than its monodisperse counterpart at some 
compositions (mass % of fine ! 50%).  Although this finding has not been reported for binary 
mixtures consisting of two Group B materials, Geldart et al.10 made the same observation for a 
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mixture of Group A and Group B materials. This non-monotonic behavior can be explained by 
the collisions occurring between fine and coarse particles. Specifically, the faster-moving fine 
particles (Ut < Us) approach the coarse particles (Ut > Us) and collide with them preferentially 
from the bottom, causing a net upward force on the coarse particles which allows the coarse to 
elutriate10. Two other physical explanations for the elutriation of the coarse are possible, but less 
likely. First, if the gas velocity profile is parabolic (or, more generally, non-uniform), the gas 
velocity in the riser core would be higher than Us1, 60, and thus the coarse may elutriate if located 
at the riser core. However, dilute flows as considered in this work are characterized by relatively 
flat (turbulent) gas velocity profiles60.  Furthermore, particles are known to move laterally across 
the riser. Hence, the elutriation of coarse particles due to their location at a radial position 
characterized by a higher-than-average gas velocity is unlikely. The other possible explanation is 
linked to the concept of a “hindered settling velocity”5, 53, in which the settling velocity of a 
particle in suspension is known to be lower than that of an isolated particle. However, based on 
the Einstein correction5 for such effects, the hindered settling velocity for a particle in similarly 
dilute suspensions (void fraction ~ 0.999, based on other works with similar m)61, 62 is 99.6% of 
that of an isolated particle. Therefore, the collisional transfer mechanism described above is the 
most likely cause for the elutriation of coarse particles. 
 In particular, the collisional transfer mechanism explains the left-hand portion of Figure 
10.3c in which the elutriation of coarse particles increases with the composition of fine particles 
in the system. On the other hand, on the right-hand-side (mass % of fine ~> 50%) of Figure 
10.3c, the effect of the decreasing composition of coarse particles takes over.  Namely, 
decreasing the mass % of coarse particles (increasing the fines content) reduces the maximum 
possible value of coarse elutriation until the zero limit is reached when only fine particles are 
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present. Hence, the non-monotonic elutriation of coarse particles stems from a trade-off in which 
an increased collisional momentum transfer from fine to coarse particles dominates at lower fine 
contents and a decreasing amount of coarse particles dominates at high fine content. 
 Now that the impact of composition on the elutriation (Gs) of particles from the riser has 
been established, it is worthwhile to examine the impact of composition on the radial (local) 
profiles of flux measurements (Gr).  The normalized radial profiles of net flux (Gr,net,norm) are 
illustrated in Figure 10.4, with each subplot containing a graph of Gr,net,norm (Equation 6.1) versus 
r/R (where r is the radial position at which measurement was taken, and R is the riser radius). 
Each of the five subplots represents a different composition and contains five profiles measured 
at different axial positions. Consistent with previous work16, 58, 63-67, the radial profiles flatten 
with increased height. More interestingly, increasing the fine composition results in flatter radial 
Gr,net,norm profiles at lower axial positions, which has not been previously reported. 
 
 
Figure 10.4. Radial Gr,net,norm profiles for (a) monodisperse coarse, (b) 25 mass % fine, (c) 50 
mass % fine (d) 75 mass% fine (e) monodisperse fine 
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 Finally, the impact of the binary composition on species segregation is also of interest. 
Radial and axial species segregation profiles are displayed in Figure 10.5 and Figure 10.6, 
respectively. These species (composition) segregation profiles are obtained by sieving the 
particles collected from the extraction probe at a given location.  For a direct comparison of 
species segregation among the various mixture compositions, the measured mass fractions of 
coarse particles (PS) have been normalized with respect to the total mass fraction of coarse 
particles in the system, and are shown on the ordinate. While Figure 10.5 depicts normalized 
mass % of coarse particles versus r/R (radial segregation), Figure 10.6 depicts h/H versus the 
normalized mass % of coarse (axial segregation). Each subplot in Figure 10.5 and Figure 10.6 
contains the various compositions (25, 50 and 75 mass % of fine) investigated, and the ranges of 
x- and y-axes are kept constant within each figure for a straightforward comparison.  
 
   
Figure 10.5. Radial segregation profiles of local mass % of coarse normalized with respect to the 
system mass % of coarse for binary mixtures with (a) 25, (b) 50, and (c) 75 mass % of fine. !
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Figure 10.6. Axial segregation profiles of local mass % of coarse normalized with respect to the 
total system mass % of coarse for binary mixtures with (a) 25, (b) 50, and (c) 75 mass % of fine.  
 
 Radial species segregation profiles are displayed in Figure 10.5, with each profile in a 
given plot representing the different riser axial positions where measurement was taken. It is 
observed that radial profiles are relatively flat at all axial positions for the three binary mixtures, 
except for a couple of profiles in the binary mixture with 50 mass % of fine (Figure 10.5b) which 
show a preferential segregation of the coarse particles towards the wall (r/R = 1). Notably, the 
radial segregation of the more massive species to the wall has been reported in previous 
simulation29, 32, 34 and experimental15, 27, 28, 41, 42 work on riser flow. Nonetheless, the generally 
negligible species segregation displayed in Figure 10.5 is not surprising since species segregation 
is linked to granular temperature gradients29, 35, 43-48, and the radial granular temperature profile is 
expected to be relatively flat (i.e., small gradient) in dilute systems62.  
 Regarding species segregation in the axial direction (Figure 10.6), profiles at each radial 
position are given in each subplot. It is observed that, at r/R = 0, the mass % of coarse generally 
decreases with height, which agrees with previous work that indicated an overall (i.e., integrated 
across the cross-section) decrease of the more massive species with height 15, 26, 27, 42. On the 
other hand, the mass % of coarse particles increases and then decreases with height near the wall 
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(r/R = 1), corroborating with the results of Chew et al.15. Similar to the radial segregation results 
(Figure 10.5), the binary mixture with 50 mass % of fine (Figure 10.6b) exhibits the greatest 
extent of axial segregation.  
 
10.3.2 Continuous PSDs 
 Analogous to Figure 10.3 for binary mixtures, the total, fine and coarse elutriation fluxes 
for the continuous PSDs are shown in Figure 10.7a – 10.9c, respectively, as functions of PSD 
width (!/dsm). Comparing Figure 10.3 and Figure 10.7 reveals a key difference between binary 
mixtures and continuous PSDs:  while the coarse elutriation flux is non-monotonic for binary 
mixtures (Figure 10.3c), it is monotonically decreasing for continuous PSDs (Figure 10.7c).  
Since the quantity plotted on the x-axes of Figure 10.3 and 10.9 are not the same - composition 
of fine is plotted for binary mixtures (Figure 10.3) and the distribution width is plotted for the 
continuous PSDs (Figure 10.7) - it is worthwhile to investigate how the composition of fine 
particles changes with the width of the continuous PSD. 
 
 
Figure 10.7. (a) Total elutriation flux (Gs), (b) fine elutriation flux, and (c) coarse elutriation flux 
of continuous PSDs as functions of !/dsm investigated at Us = 1.7 m/s.  
 
 Based on the results displayed in Figure 10.7 for the continuous PSD and the explanation 
of trends discussed in conjunction with Figure 10.3 for the binary mixtures, it is tempting to 
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deduce that the fine content in continuous PSDs increases with distribution width (!/dsm).  Put 
another way, if the elutriation of fines is proportional to their composition (consistent with 
composition-based elutriation correlations2, 4, 5 and the observed behavior for binary mixtures – 
see Figure 10.3b) and if the fines content increases with !/dsm for continuous PSDs, the trends in 
Figure 10.7a – 10.9c are consistent with this physical picture. However, Figure 10.8a shows just 
the opposite - as !/dsm increases, the mass % of fine in the system actually decreases.  
Accordingly, continuous PSDs behave in stark contrast to binary systems since the elutriation of 
fine particles for continuous PSDs is not proportional to their composition in the system. 
 
 
Figure 10.8. System PSD parameters as functions of !/dsm: (a) mass % of fine, (b) mass % of 
coarse, (c) dfine, and (d) dcoarse. 
 
 To sort out this inconsistency, a consideration of both the system (initial) PSD and the 
elutriated (entrained out of riser) PSD for the continuous distribution is warranted, as displayed 
in Figure 10.8 and 10.11, respectively.  In each figure, the first row shows composition (mass %) 
of fine (particles with Ut < Us) and coarse (particles with Ut > Us) as functions of !/dsm.  In the 
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second row of each figure, the mass-averaged diameter of the fine (dfine) and coarse  (dcoarse) 
particles is also plotted versus !/dsm.  A comparison of Figure 10.8 and Figure 10.9 reveals a key 
difference – although the composition of fine decreases in the system PSD with an increase in 
!/dsm, the opposite is true of the elutriated PSD.  The explanation for this difference lies in the 
second row of figures.  As illustrated in Figure 10.8c, as the !/dsm of the initial (system) 
distribution increases, dfine becomes smaller.  Because smaller particles are easier to elutriate 
(recall Us is held constant for all experiments and Ut decreases as particle size decreases), a 
larger percentage of the fine particles present in the system are carried out the top of the riser 
(elutriated).  This increased percentage is sufficient to compensate for the reduced mass % of 
fine in the system as !/dsm increases (Figure 10.8a), leading to an increasing mass % of elutriated 
fines with !/dsm  (Figure 10.9a).  Similar arguments explain the trends observed for the coarse 
particles (subplots b and d in Figure 10.8 and 10.11).  It is important to note that such arguments 
are not applicable to binary mixtures, since the average size of the fine and coarse particles 
remain constant, and only the composition of the two species changes. 
 It is now worthwhile to return to the first difference noted between the binary mixture and 
continuous PSD, namely the non-monotonic elutriation of coarse particles in the former (Figure 
10.3c) but not in the latter (Figure 10.7c).  Recall the non-monotonic behavior was explained via 
a tradeoff between the increased collisional momentum transfer to the coarse particles as the fine 
content increases and the corresponding decreased composition of the coarse particles.  A 
possible explanation for the monotonic behavior of the continuous PSD may again be traced to 
the increased disparity in size of the fine and coarse particles (which is not the case for the binary 
mixtures).  Namely, the collisional momentum transfer is proportional to particle mass, and thus 
collisional transfer becomes less effective as the size disparity (!/dsm) increases.  In addition, the 
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increasing mass-averaged diameter of the coarse particles (dcoarse) with !/dsm (Figure 10.9d) 
makes these particles harder to elutriate. 
 
 
  
Figure 10.9. Elutriated PSD characteristics as functions of !/dsm: (a) mass % of fine, (b) mass % 
of coarse, (c) dfine, and (d) dcoarse. !
 To now consider more local measurements, the radial mass flux profiles are shown in 
Figure 10.10 for each of the continuous PSDs. As expected, radial profiles flatten with riser 
height, which agrees with the binary results obtained here (Figure 10.4) and previous work on 
monodisperse and binary systems16, 58, 63-67. In addition, as !/dsm increases, radial Gr,net,norm 
profiles become flatter. This trend highlights an important feature of the impact of widths (!/dsm) 
of continuous PSDs, namely that cross-sectional uniformity of flux is better achieved throughout 
the riser for wider PSDs.!
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Figure 10.10. Radial Gr,net,norm profiles for lognormal PSDs with !/dsm = (a) 5%, (b) 10%, (c) 
25%, (d) 40%, and (e) 65%. 
 
 Finally, the other local measurement of interest includes the species segregation profiles in 
both the radial (Figure 10.11) and axial (Figure 10.12) directions. Analogous to the binary 
mixtures (Figure 10.5 and Figure 10.6), each local mass % of coarse was normalized with respect 
to the system coarse for a more straightforward comparison. Similar to the binary mixtures 
(Figure 10.5), insignificant radial segregation is observed (Figure 10.11), which is again traced to 
the dilute nature of the flow and the small temperature gradients expected in such flows. In 
Figure 10.12 for the axial segregation, considering the identical ranges of the x-axes, 
interestingly, the extents of axial segregation (range of abscissa values) are similar for !/dsm ! 
25%, while being least (most vertical profiles) for !/dsm = 10%. Also, it is observed that the 
coarse composition generally decreases with height, which agrees with the binary work 
presented here (Figure 10.6) and previous work on binary and continuous PSDs15, 26, 27, 42. 
Notably, as also pointed out by Chew et al.15, the axial segregation behavior at the wall 
! "#$!
represents an interesting qualitative difference between binary mixtures and continuous PSDs, in 
that a monotonic decrease of the more massive species with height is observed at all radial 
positions for the continuous PSDs (Figure 10.12), but the trend is non-monotonic for the binary 
mixtures (Figure 10.6) near the wall. 
 
 
Figure 10.11. Radial segregation profiles of local mass % of coarse normalized with respect to 
the system mass % of coarse for continuous PSDs with !/dsm = (a) 10%, (b) 25%, (c) 40%, and 
(d) 65%.  !
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Figure 10.12. Axial segregation profiles of local mass % of coarse normalized with respect to 
the system mass % of coarse for continuous PSDs with !/dsm = (a) 10%, (b) 25%, (c) 40%, and 
(d) 65%. !
 
10.4 Summary 
 A comprehensive experimental suite with a focus on elutriation and species segregation 
phenomena of polydisperse Geldart Group B particles in a dilute CFB riser has been carried out.  
Two categories of polydispersity were investigated: binary mixtures and continuous particle size 
distributions (PSDs). The impact of polydispersity on various riser characteristics were 
investigated via varying (i) compositions of binary mixtures with two species differing in 
average particle diameter (dave) and material density ("s), and (ii) widths of continuous PSDs 
while keeping the Sauter-mean diameter (dsm) constant. Bulk measurements examined include 
elutriation flux (total and species and local measurements examined include mass flux and 
species segregation. 
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 Before listing the observed differences between binary mixtures and continuous PSDs, it is 
worth noting that a key difference between the two types of polydispersity is that binary mixtures 
involves two discrete, but fixed, particle species (differing in size and/or density), while 
continuous PSDs involve a varying range of sizes (i.e., more species) as the distribution width 
increases. Notably, increasing the composition of fine particles (Ut < Us) in binary mixtures is 
not equivalent to increasing the width (!/dsm) of continuous PSDs. Accordingly, three interesting 
observations on the qualitative differences in elutriation and species segregation characteristics 
between binary mixtures and continuous PSDs are highlighted: (i) whereas the increase of total 
elutriation flux is linked to an increase in mass % of fine for the binary mixtures, total elutriation 
flux and fine mass % show opposite trends for the continuous PSDs, (ii) while the elutriation 
flux of coarse particles (Ut > Us) is non-monotonic with respect to fine mass % for binary 
mixtures, coarse elutriation flux is monotonic with fine mass % for continuous PSDs, and (iii) 
while the axial segregation of coarse particles at the wall do not decrease monotonically with 
riser height for binary mixtures, the same decrease is monotonic for continuous PSDs, both of 
which agree qualitatively with previous work15. 
 Three other interesting observations, which are common for both binary mixtures and 
continuous PSDs, deserve elaboration. First, why is the coarse species elutriated, even though the 
associated terminal velocity (Ut) is greater than the operating superficial gas velocity (Us)? The 
physical picture for this counter-intuitive behavior is linked to the collisional transfer of 
momentum between the fine and coarse species. Specifically, the faster-moving fine (Ut < Us) 
particles approach the coarse (Ut > Us) particles and collide with them preferentially from the 
bottom, causing a net upward force on the coarse particle which hence enables the coarse to 
elutriate10. Second, radial mass flux profiles become flatter as either the composition of the 
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binary mixture or the width of the continuous PSDs increases. This flattening effect is most 
apparent at the lowest axial position. Third, radial segregation is negligible for the dilute riser in 
this work, which is not surprising since species segregation is linked to granular temperature 
gradients29, 35, 43-48, and the radial granular temperature profile is expected to be relatively flat 
(i.e., small gradient) in dilute systems62.  
 The impact of polydispersity on the elutriation and species segregation phenomena reported 
in this work, together with the corollary work on cluster characteristics on the same system 
(Chapter 9)68, provide further insights into the dilute CFB riser behavior of both binary mixtures 
and continuous size distributions of Geldart Group B particles. Notably, the results reveal key 
qualitative differences between the behaviors of binary mixtures and continuous PSDs, as has 
been previously documented for bubbling fluidized beds13, 14, 49-51 and a denser CFB riser (e.g. 
species segregation15, mass flux16, clusters69). Such information is expected to be valuable not 
only in the validation of the numerous different kinetic-theory based models35 for binary 
mixtures (for example, see 70, 71), but also for the application of such models (which are limited 
to a discrete number of species) to a continuous distribution72. 
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CHAPTER 11 
SUMMARY 
 
11.1 Overview 
 Experiments have been carried out to investigate the impact of polydispersity on fluidized 
bed systems, with a focus on Geldart Group B particles. Comprehensive datasets are obtained on 
various flow phenomena in systems characterized by three fluidization regimes:  a bubbling 
fluidized bed, a moderately dense circulating fluidized bed (CFB), and a dilute CFB. 
 Behavioral differences between the two categories of polydispersity – continuous particle 
size distributions, PSDs, and binary mixtures – are presented, which includes species segregation 
in both a bubbling bed and a moderately dense CFB riser, and elutriation flux in a dilute CFB 
riser. Other physical insights include the link between species segregation and bubbling 
behaviors, a surprising reversal of the widely acknowledged core-annulus (i.e., dilute core, dense 
annulus) profile due to the higher Stokes number of the particles, and the impact of 
polydispersity on clustering in CFB risers. 
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11.2 Summary of Findings 
11.2.1 Bubbling Fluidized Bed (Chapters 2 and 3) 
Experiments involving continuous PSDs in bubbling fluidized beds have been carried out, 
with a focus on (i) the impact of varying widths of continuous PSDs on species segregation, and 
(ii) the physical link between species segregation and bubbling behaviors. 
 With regards to axial species segregation, a novel finding pertaining to the behavioral 
difference between a continuous PSD and a binary mixture is noted. Specifically, although 
results on binary mixtures in the literature indicate that increased size disparity leads to increased 
species segregation, this work reveals that the same is not true for continuous PSDs. Namely, a 
non-monotonic relationship exists between segregation extents and widths of the PSDs. Namely, 
for relatively narrow size distributions, the extent of segregation increases with an increase in 
distribution width, while the opposite is true for relatively wide lognormal distributions.  Two 
other findings agree with previous binary results and simulations. First, finer and coarser 
particles tend to segregate to the top and bottom of the bed, respectively. Second, the shape of 
the PSD (i.e., Gaussian or lognormal) at each axial location is preserved with respect to the 
overall PSD, except for the bottommost PSDs of the wider (more segregated) distributions. 
Finally, a noteworthy observation is that, although monodisperse Geldart Group D particles 
exhibit poor fluidization, as indicated by the failure of the bed pressure drop to attain the ratio of 
the weight of the bed to cross-sectional area (W/A), their presence in the wider lognormal 
distributions of predominantly Group B particles does not stunt the quality of fluidization. 
 Armed with the surprising non-monotonic species segregation behavior with respect to 
PSD widths and the widely accepted view of bubbles as ‘mixing agents’, the initial expectation 
was that bubble characteristics would also display a non-monotonic variation with respect to 
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PSD width. Surprisingly, the experimental data for the bubble velocity, frequency, and chord 
length indicates otherwise. In particular, although the lognormal distribution displays a non-
monotonic degree of segregation as PSD width is increased, all measured bubble characteristics 
are found to increase as distribution width is increased over the entire range of widths explored. 
Closer inspection reveals that the degree of segregation is instead strongly tied to the height of 
the bubble-less layer at the bottom of the bed, the presence of which has not been previously 
reported.   The results indicate that the larger the bubble-less layer at the bottom of the bed, the 
more segregated the system becomes.  Another new finding is the monotonic increase in all 
bubble parameters of a continuous PSD as PSD width increases. 
 
11.2.2 Moderately Dense CFB Riser (Chapters 4 – 8) 
A comprehensive experimental dataset, targeted at detailed understanding of various flow 
phenomena (including solids concentration, species segregation, mass flux, and clusters) in a 
pilot-scale, gas-solids circulating fluidized bed (CFB) riser, is presented. Three monodisperse 
materials (with differences in particle size, dave, and/or material density, !s), two binary mixtures 
- one with only a dave difference between the species (size-difference binary) and one with only a 
!s difference (density-difference binary), and one continuous particle size distribution (PSD) 
have been investigated under four operating conditions. 
 
11.2.2.1 Reverse Core-annulus (Chapter 4) 
A surprising deviation from the expected core-annulus profile (i.e., dilute core and dense 
annulus) has been observed for a portion of the monodisperse materials near the riser top. 
Specifically, two independent measurement techniques indicate the presence of a reverse core-
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annulus profile (i.e., a dense core and dilute annulus) for the larger materials and under some 
operating conditions. To provide a physical picture to explain the reverse core-annulus profile, it 
is hypothesized that roughness elements on the upper wall of the rounded elbow leads to a 
reversal of particle trajectories back into the riser center. More specifically, particle-wall 
collisions tend to be specular for smooth walls, but much more diffuse for roughened walls. 
Hence, particles are more likely to deflect back into the riser when the wall of the elbow exit is 
rough, thereby causing a region of higher solids concentration away from the wall at the top of 
the riser. Furthermore, the extent and likelihood of reverse core-annulus profiles can be linked to 
the Stokes number (St) of the material - the higher the St of the particle, the less likely the 
particle is to follow the fluid streamlines, and the higher the tendency towards reverse core-
annulus.  This observation puts forth an important distinction between the (larger) Geldart Group 
B and the (smaller) Group A particles. 
 
11.2.2.2 Species Segregation (Chapter 5) 
Three new observations emerged. First, with regards to the differences in species 
segregation between the binary mixtures and continuous PSD, two interesting observations are 
noted: (i) an increase in solid loading (m) leads to a monotonic decrease in species segregation 
(both axial and radial) for the binary mixtures, while a non-monotonic trend is observed for the 
continuous PSD, and (ii) while the shape of the radial segregation profile is flatter at the riser 
bottom for the binary mixtures, the opposite trend is observed for the continuous PSD. Second, 
with regards to the binary mixtures, an increase in the composition of the more massive species 
with riser height is observed at the wall under some operating conditions. Interestingly, the 
operating conditions associated with this behavior for the size-difference binary mixture are 
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mutually exclusive from those of the density-difference system. Third, with regards to the 
continuous PSD, while Karri and Knowlton1 found that radial segregation only exists when the 
annulus has a net downward, radial segregation is consistently observed in this work regardless 
of whether the annulus has a net upward or downward flux. The discrepancy may be explained 
by the different ratios of upward and downward fluxes that constitutes the net flux, in view of the 
observation that the former contains smaller particles than the latter; therefore, if the previous 
work1 displays a ratio of upward flux to downward flux is relatively high, then the overall 
annular PSD may be shifted leftwards, and hence radial segregation effects may not significant.  
 Consistent trends with previous work are also noted. For the polydisperse mixture types 
investigated here, the more massive species preferentially segregates toward the wall at all axial 
locations, as is consistent with previous experimental work and known granular temperature 
profiles. Comparison among the three systems indicate that the greater the mass ratio between 
the species, the greater the extent of this radial segregation observed. With regards to axial 
segregation, the composition of the more massive species generally decreases with riser height at 
the riser center. Furthermore, the observed increase in extent of axial species segregation with 
mass ratio is linked to an increase in single-particle terminal velocity (Ut) ratios of the two 
species. 
 
11.2.2.3 Mass Flux (Chapter 6) 
Among the factors – riser local position, material type, and operating condition – affecting 
mass flux behavior, the most significant influence on mass flux profiles is riser axial position, 
especially near the riser top. Profiles shapes are inverted U- or V-shape at the riser top, 
regardless of material type (various monodisperse material property or various polydisperse 
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systems) or operating conditions. On the other hand, material type and operating conditions 
effects are secondary, with effects most apparent at the bottom-most position. As for the impact 
of polydispersity, interestingly, the density-difference binary mixture mimics monodisperse large 
glass (one of the constituent components), whereas the size-difference binary mixture mimics 
neither constituent component. !
 
11.2.2.4 Cluster Characteristics (Chapters 7 and 8) 
Among the three factors – riser position, operating condition, and material type – 
investigated, riser position has the most dominant influence on cluster characteristics, namely the 
appearance probability, duration, and frequency. Cluster appearance probability appears to be 
largely a function of riser position only, and is insensitive to change in operating condition or 
material type. On the other hand, cluster duration and frequency are influenced by material type 
and operating condition only from mid-height of the riser upwards. Regarding the impact of 
polydispersity, for the density-difference binary mixture, cluster duration is distinctly lower than 
either component and neither of the cluster characteristics mimics either component.  As for the 
size-difference binary mixture, the cluster duration mimics the large glass, while the cluster 
frequency mimics the small glass. Comparing the binary mixtures directly, the density-difference 
binary mixture has lower cluster duration and higher cluster frequency than the size-difference 
binary mixture. Finally, for the continuous PSD, the operating condition is surprisingly observed 
to play a more significant role on radial cluster profiles compared to that for the monodisperse 
and binary mixtures, although it remains to be determined as to whether the difference is due to 
polydispersity type (continuous PSD versus binary mixture) or a wider range of operating 
conditions investigated for the continuous PSD relative to that of the binary mixtures. 
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11.2.3 Dilute CFB Riser (Chapters 9 and 10) 
 Experiments in a gas-solids circulating fluidized bed (CFB) have been carried out, with a 
focus on understanding the impact of polydispersity on elutriation and species segregation 
characteristics in a dilute riser. Two categories of polydispersity were studied: binary mixtures 
with varying compositions and continuous particle size distributions (PSDs) with varying widths. 
Measurements include cluster characteristics, total elutriation flux, species elutriation flux, local 
mass flux, and radial and axial species segregation. 
 
11.2.3.1 Clusters (Chapter 9) 
 Comparisons of the cluster trends obtained here and previous chapters (Chapters 7 and 8) 
are made, though it is important to point out several key differences between the current and 
previous efforts. In particular, three differences between the current work and previous should be 
noted: (i) lower solid loadings of m < 0.3 are examined in this work, whereas in the previous 
works m = 5.9 – 16.0, (ii) different operating parameters are used to control the system, namely 
Us and Us-Ut are kept constant in this work, whereas Us and Gs are kept constant in the previous 
work, and (iii) perhaps most importantly, this work examines the impact of varying widths of 
continuous PSDs and compositions of binary mixtures on cluster characteristics, unlike previous 
work which was performed at a single width and single composition, respectively. Hence, the 
focus here is on the impact of polydispersity – specifically, the widths of continuous PSDs and 
the compositions of binary mixtures – on cluster characteristics.  
Images with large field of view confirm the presence of clusters, even in these very dilute 
systems. In addition, cross-validation of axial cluster trends between video camera and fiber 
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optic probe shows good agreement. Consistency with cluster trends obtained for a denser CFB 
riser (Chapters 7 and 8) include:  (i) riser height is the primary influence on all three cluster 
characteristics (appearance probability, duration, frequency), whereas effect of PSD width 
(continuous) or composition (binary) is relatively minor, (ii) polydispersity has a negligible 
effect on the appearance probability, and the effect of polydispersity on cluster duration and 
frequency is seen only at some axial positions. An interesting contrast between the cluster 
duration trends for the moderately dense CFB riser (Chapters 7 – 8) and the dilute riser here 
(Chapter 9) is that variations in profiles of different materials are observed at the riser top in the 
former and at the riser bottom in the latter. Finally, the two categories of polydispersity (i.e., 
changing widths of continuous PSDs and compositions of binary) exhibit similar axial cluster 
trends, which represents a deviation from previous work that reveal qualitative differences 
between continuous PSDs and binary mixtures for the species segregation in bubbling fluidized 
beds (2-4, Chapter 25, and Chapter 36) and the species segregation and elutriation characteristics 
in CFB risers (Chapter 57 and Chapter 108, respectively).   
 
11.2.3.2 Elutriation and species segregation (Chapter 10) 
Interestingly, despite the similarities in cluster trends between binary mixtures and 
continuous PSDs in Chapter 9, three qualitative differences in elutriation and species segregation 
characteristics between the two categories of polydispersity are observed. First, whereas the 
increase of total elutriation flux is linked to an increase in mass % of fine particle (Ut < Us) for 
the binary mixtures, total elutriation flux and fine mass % show the opposite trend for the 
continuous PSDs. Second, while the elutriation flux of coarse particles (Ut > Us) is non-
monotonic with respect to fine mass % for binary mixtures, coarse elutriation flux is monotonic 
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with fine mass % for continuous PSDs. These two findings trace to a key qualitative difference 
between binary mixtures and continuous PSDs; while the former involves two fixed species 
(with differences in particle size, dave, and material density, !s) at varying compositions, the 
continuous PSDs have particles with fixed !s but an increasing range of particle diameters (i.e., 
greater size disparity) as the PSD width increases. Third, while the axial segregation of coarse 
particles at the wall does not decrease monotonically with riser height for binary mixtures, the 
same decrease is monotonic for continuous PSDs, both of which agree qualitatively with trends 
in Chapter 5 for species segregation in a moderately dense CFB riser. 
Three other interesting observations, which are common for both binary mixtures and 
continuous PSDs, are worthwhile to note. First, coarse species are elutriated, even though the 
associated terminal velocity (Ut) is greater than the operating superficial gas velocity (Us).  The 
physical picture for this counter-intuitive behavior is linked to the collisional transfer of 
momentum between the fine and coarse species. Specifically, the faster-moving fine particles (Ut 
< Us) approach the coarse particles (Ut > Us) and collide with them preferentially from the 
bottom, causing a net upward force on the coarse particle which hence enables the coarse to 
elutriate9. Second, radial mass flux profiles become flatter as either the composition of the binary 
mixture or the width of the continuous PSDs increases. This flattening effect is most apparent at 
the lowest axial position. Third, radial segregation is negligible for the dilute riser in this work, 
which is not surprising since species segregation is linked to granular temperature gradients, and 
the radial granular temperature profile is expected to be relatively flat (i.e., small gradient) in 
dilute systems.  
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11.3 Recommendations for Future Work 
 Other pertinent material properties (e.g. particle shape) and Geldart groups are also 
important areas for research, especially in view of the renewed interest in biomass gasification10-
12. Notably, biomass represents one of the renewable resources with high potential to be 
developed12, and considerable efforts have been made to convert wood biomass to liquid fuels 
and chemicals since the oil crisis in the mid-1970s10. Energy production from renewable 
resources is gaining popularity worldwide since they increase energy resources of countries and 
hence reduces oil dependency. Biomass particles generally have high aspect ratios and belong to 
Geldart Group D, though some may not even be captured in the Geldart charts since they are big 
in size but low in material density.  Examples of agricultural wastes used as biomass feedstock 
include straw, olive pits, nut shells, and wood10. So far, very little knowledge of how fluidized-
bed hydrodynamics are affected by the material properties of biomass are available11. With 
regards to the particle aspect ratio, recent work has found that particle aspect ratios affect 
fluidization hydrodynamics like reaction rate13, elutriation rate14, 15, and minimum fluidization 
velocity16. Pertaining to Geldart groups, since different Geldart groups are so classified due to 
the different fluidization characteritics17, and armed with evidence from this work that significant 
behavioral differences manifest among various Geldart groups (i.e., between solids concentration 
profiles of Groups A and B materials illustrated in Chapter 418), caution should be used in 
extrapolating the current knowledgebase to biomass particles. More specifically, empirical 
differences in fluidization behavior that form the basis for the Geldart classification17 can be 
tracked to important physical differences among the particles, as illustrated by the higher Stokes 
number associated with Group B particles on the core-annulus pattern and its reversal (Chapter 
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4).  It remains to be seen if the unchartered waters of Group D and beyond could exhibit other 
unexpected flow features. Hence, more understanding is needed regarding the influence of high 
aspect ratios and the behavior of materials belonging to Geldart Group D and beyond, so that 
biomass particles and system operation can be tailored to provide improved performance11. It is 
expedient to test fluidization hydrodynamic characteristics for wide ranges of biomass particles, 
and compare the results with those for more conventional particles11, so as to address the 
question of whether current knowledgebase is applicable to irregularly-shaped biomass particles 
of Geldart Group D and beyond. 
 In addition to the particle properties and operating conditions, the impact of fluidized bed 
configuration (i.e., entrance geometry, exit geometry, riser diameter, riser height, etc.) is also an 
important consideration in system performance. Generally, differences in trends observed in the 
literature are largely attributed to particle properties and operating conditions, rather than to the 
fluidized-bed configuration, although it has been reported that such configurations have a non-
negligible impact on fluidization hydrodynamics. For example, the influence of bed diameter is 
known to differ according to flow regime19, and similarly different exit geometries (e.g. L-shape, 
blind-tee, elbow exits) affect the hydrodynamics (e.g., solids concentration and mass flux 
profiles) in a CFB riser20-23. The impact of experimental configurations on fluidization 
characteristics provides a caveat towards attributing previous experimental trends solely to 
particle size and/or operating condition.  Hence, an understanding of the impact of various 
experimental configurations and the associated extent of influence will aid towards a more 
unifying framework for interpreting the previous and sometimes contrary experimental results 
that are obtained from different configurations24. In this thesis, the CFB riser results involve both 
lab-scale (Chapters 9 - 10) and pilot-scale (Chapters 4 - 8) units; the two units also have different 
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entrance and exit geometries.  Hence, in order to determine the impact of entrance and exit 
effects on the characteristics of fluidization, it is recommended that experiments be carried out 
such that the lab-scale CFB mimics the operating conditions of the pilot-scale CFB, and vice 
versa. Furthermore, in Chapter 4 on solids concentration profiles, it is conjectured that the 
roughened inner wall of the elbow exit is one of the causes of the reverse core-annulus profiles, 
hence it is worth checking either through experiments or modeling how the solids concentration 
profile change with a smooth inner wall of the elbow exit and/or with more abrupt blind-tee or L-
shape exits. Such an investigation is important to understand the differences between Group A 
and B particles. If the objective is to understand particle property and operating condition effects 
on flow characteristics, the impact of various experimental configurational parameters should be 
minimized, which warrants an enhanced understanding of such factors. To this end, both models 
and experiments should be used to help identify the dominant riser parameters (including riser 
dimensions, entrance/exit geometries, etc) that affect flow characteristics (e.g., solids 
concentration, species segregation) and make recommendations towards future experimental 
configurations.  
 Finally, since modeling is an essential complement to experimental results for extracting 
physical causes of the trends observed24, 25, some suggestions towards the modeling effort are 
highlighted here. To date, the vast majority of modeling efforts have focused on monodisperse or 
binary mixtures, and various closures (kinetic theory for collisional stresses, frictional stress, 
drag laws, etc.) required for adaptation to continuous PSDs remain largely untested, partly due to 
the lack of detailed experimental data like that reported in this work. More specifically, 
pertaining to the incorporation of polydispersity into models, such theories are still relatively 
recent, and all kinetic-theory models are based on discrete number of species. Therefore, the 
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behavioral differences noted in this work between binary mixtures and continuous PSDs bring an 
important caveat to the application of existing models to continuous PSDs. In particular, the use 
of polydisperse, kinetic-theory models requires a discrete approximation be used for continuous 
PSDs, and care should be taken to determine the number of species needed for the desired 
accuracy, since there is tradeoff between computational effort and accuracy of discrete 
approximation. Accordingly, the comprehensive experimental datasets obtained in this work 
provide rich test-beds for the models. First, for bubbling fluidized beds (Chapters 2 and 3)5, 6, 
several interesting results for the continuous PSD are made, including the non-monotonic 
segregation behavior of a lognormal PSD, existence of a bubble-less layer, trends of bubble 
characteristics with widths of distributions, and the link between segregation and bubbling 
profiles. Second, behavioral differences between binary mixture and continuous PSD with 
respect to species segregation behaviors in a bubbling bed (Chapter 2)5, species segregation in a 
moderately dense CFB riser (Chapter 5)7, elutriation characteristics in a dilute CFB riser 
(Chapter 10)8 are observed.  On the other hand, similar axial cluster trends between binary 
mixtures and continuous PSD (Chapter 9)26 are obtained too. Third, exhaustive datasets of CFB 
riser characteristics are presented that demonstrate the impact of riser position, operating 
condition, material type (monodisperse material property and effect of polydispersity) on solids 
concentration (Chapter 4 - only for monodisperse)18, mass flux profiles (Chapters 6 and 10)8, 27, 
species segregation (Chapter 5 and 10)7, 8, cluster characteristics (Chapters 7 – 9)26, 28, 29. 
Notably, caution has to be practiced when comparing experimental measurements to quantities 
from models. For example, the experimental species segregation (concentration) results obtained 
in the CFB risers (Chapters 5 and 10) are velocity-weighted, since collection of local solids 
samples via an extraction probe implies faster-moving particles are more heavily represented 
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than their local composition at any one instant. Hence, a similar quantity needs to be extracted 
from the model predictions for an apples-to-apples comparison.  Collectively, with the rich 
experimental datasets in this work, validation of polydisperse models, and particularly their 
application to continuous size distributions, can proceed on multiple fronts. 
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